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ABSTRACT 
 
Polymer additives, named Viscosity Modifiers (VMs), have been added to motor 
engine lubricants for more than 50 years, where they are used to increase the viscosity 
index of their blends. It is well known that solutions of VMs exhibit shear thinning 
under high strain rate conditions as are present in engine journal bearings. In the past, 
this shear thinning was regarded as undesirable since it might reduce hydrodynamic 
film thickness. However it has been reported that multigrade oils containing VMs 
provide lower engine friction than polymer-free oils of comparable viscosity and the 
most likely origin of this is a reduction of hydrodynamic friction due to temporary 
shear thinning of the polymer solutions.  
 
In this thesis, the role of polymer shear thinning in reducing hydrodynamic friction is 
clarified by the experimental work carried out on a range of different polymer types. 
This study includes the viscosity measurements over a wide range of shear rate and 
also friction and film thickness analyses performed in a soft elastohydrodynamic 
lubrication contact in order to avoid piezoviscous effects. A very recent technique 
based on laser induced fluorescence technology is used to evaluate the film thickness. 
These experimental results are compared with theoretical calculations, which allows 
based on the rheological data of each polymer solution, the impact of polymer shear 
thinning on hydrodynamic friction to be quantified.  
 
The studied polymer solutions show a decrease in film thickness and in hydrodynamic 
friction compared to Newtonian fluids of similar viscosity. This reduction is ascribed 
to the temporary shear thinning of polymer blends. 
 
The proposed theoretical models show good agreement with the experimental values. 
They appear to be useful tools to quantify the impact of polymer shear thinning on 
film thickness and friction. 
 
In addition to this main work, the polymer solutions are analysed under high contact 
pressure and the shear stability of some commercials viscosity modifiers are studied. 
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A new method is developed to quantify the permanent viscosity loss of each polymer 
solution and this is compared to the industrial Kurt-Orbahn test.  
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 Chapter 1 - Introduction 
 
 
 
 
 
INTRODUCTION 
 
 
 
1.1 General introduction  
 
Multigrade engine oils are subjected to extreme conditions, with tremendous 
temperature variations. Their performance depends strongly on their viscometric 
properties. At low temperature, they have to show good flow properties. This is 
crucial to allow an engine to start and operate in low temperature environments. 
However at high temperature when an engine is running, lubricants must also 
maintain a high enough viscosity in order to ensure a minimum hydrodynamic film 
between rubbing surfaces. To be effective in this severe environment, polymer 
additives, named Viscosity Index Improvers (VIIs) or Viscosity Modifiers (VMs), are 
added to motor engine lubricants. They significantly improve the performance of 
mineral and synthetic oil base stocks by modifying their bulk rheological properties.  
In particular they reduce the sensitivity of the blend viscosity to changes of 
temperature. 
 
One important characteristic of polymeric additives is their non-Newtonian behaviour. 
Under high shear stress conditions, as are present in engine journal bearings, polymer 
molecules are elongated in the direction of shear. Consequently, the viscosity of the 
blend drops significantly. Depending on the level of stresses, shear thinning can be 
temporary or permanent [1]. Under very low shear rate, due to the viscoelasticity of 
polymer additives, the elongated molecules return to their initial state as soon as the 
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stress is removed. In motor engines, in some highly stressed zones, multigrade 
lubricants can be subjected to shear rates up to 108 s-1. In this case, polymer backbone 
chemical bonds such as carbon-carbon bonds tend to break resulting in lower 
molecular weight polymer chains. This shear thinning is classified as permanent since 
the loss in viscosity is irreversible. Shear thinning mechanism is schematically shown 
in Figure 1.1 
 
 
 
For a long time both temporary and permanent shear thinning were considered 
undesirable, since they can reduce hydrodynamic film thickness. However, several 
studies have recently reported that VMs in multigrade engine oils have a beneficial 
influence on friction. They provide lower engine friction than polymer-free oils of 
comparable viscosity [2]. This behaviour is generally ascribed to temporary shear 
thinning of the polymer solutions at high shear rate in engine components. There has 
been surprisingly little experimental work on the influence of shear thinning on 
hydrodynamic friction. One factor that may have contributed to this lack of 
understanding is that it has not been possible, until very recently, to measure lubricant 
viscosities at shear rates greater than 106 s-1. 
 
As well as shear thinning, two other means by which dissolved polymers may reduce 
engine friction have been proposed. One is that polymer solutions may show a 
viscoelastic effect. It means that they would generate a thicker film in transient speed 
engine conditions than expected from their dynamic viscosity and thus provide lower 
than expected hydrodynamic friction [3]. This phenomenon has, however, never been 
 
Figure 1.1: Shear thinning mechanism 
Polymer molecules 
dispersed into a solution 
 
 
 
 
Temporary 
viscosity loss 
Permanent 
viscosity loss 
 
Temporary elongation of 
polymer molecules in the 
direction of the shear  
Permanent degradation 
of polymer molecules  
Low shear stress τ High shear stress τ 
Chapter 1 - Introduction 
 3 
proven in realistic contact conditions and remains a subject of debate. The other 
mechanism of proposed friction reduction concerns the formation of a thick boundary 
lubricating film on the moving surfaces. The presence of such a protective film would 
cause a significant reduction in friction by maintaining fluid film conditions in the 
contact down to low entrainment speed. Several studies on polymer solutions have 
shown the presence of adsorbed polymer molecules on polar surfaces [4, 5]. 
 
In current, and probable future engine fuel economy tests, it appears that the 
predominant source of engine friction is hydrodynamic rather than boundary or 
elastohydrodynamic friction. This implies that the largest future improvements in fuel 
economy are likely to come from rheological refinements, including the use of lower 
viscosity base oils along with viscosity modifier additives, rather than from improved 
boundary friction modifier additives. 
 
1.2 Aim of the project 
 
Considering the large effect that viscosity modifiers can have on friction, it is quite 
surprising that there is almost no published, quantitative study of the relationship 
between polymer shear thinning and hydrodynamic friction. The role, if any, of 
viscoelasticity on friction also remains unclear. 
 
This project aims to explore the rheological properties of polymer additives in base 
oils and their influences on hydrodynamic friction. Studies will be carried out on a 
range of different polymer types. This proposed research is based on three main 
approaches: 
 
(a)  Viscosity measurement over a wide range of shear rate 
 In order to quantify the dependence of viscosity on strain rate for a range of 
polymer solutions, viscosity measurements have been carried out using various 
viscometers. These include an Ultra-high Shear rate Viscometer (USV), which 
measures the dynamic viscosity of a solution at high temperature up to a 
maximum shear rate of 107s-1. 
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(b) Friction measurement in a soft elastohydrodynamic lubrication contact 
Friction was measured in “soft-EHL” conditions in order to avoid piezoviscous 
effects. Low viscosity base fluids were used to expand the shear rate range up to at 
least that reached in the ultrahigh shear rate viscometer. 
 
(c) Measurement of lubricant film thickness in a soft elastohydrodynamic lubrication 
contact  
Film thickness was measured in the same conditions as for friction measurements. 
 
1.3 Thesis layout 
 
The first four chapters of this thesis provide background and review material. Chapter 
2 gives some background information regarding the main principles of liquid 
lubrication, including hydrodynamic and elastohydrodynamic theory. Relevant 
characteristics of lubricant, such as their composition and their rheological behaviour, 
are outlined in Chapter 3. Chapter 4 reviews polymeric lubricant additives and their 
behaviour in lubricants and lubrication. It focuses on their ability to enhance lubricant 
viscosity, their shear stability, their viscoelastic properties and their capacity to form a 
boundary protective film on surfaces in relative motion.  
 
Chapter 5 describes the polymer additives and polymer blends used for this project. It 
outlines the viscometric characteristics of each solution and the polymer-solvent 
interactions.  
 
Chapter 6 reports the rheological study of polymer blends. Flow curves are 
experimentally obtained and a method is developed to determine permanent shear 
thinning for each solution. The impacts of polymer properties are discussed.  
 
Polymer solution behaviour in soft EHL conditions is explored in Chapter 7 and 8. 
First film thickness measurements are obtained in compliant contact using a 
fluorescent technique. Then friction is evaluated at a low contact pressure, below 
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50MPa. Finally the rheological analyses, the film thickness and friction measurement 
are brought together in order to clarify the role of viscosity modifier shear thinning in 
reducing hydrodynamic friction.  
 
Chapter 9 shows the elastohydrodynamic lubrication behaviour of polymer solutions 
under very high pressure. Film thickness was measured under high load. The effect of 
shear thinning and the formation of some boundary films are examined. 
 
Chapter 10 reveals some analyses carried out with commercial viscosity modifiers, 
which are currently used in lubricant industry. Their rheological properties are 
analysed and different techniques used to evaluate permanent viscosity loss are 
compared.  
 
Chapter 11 gives some conclusions of this study and makes some suggestions for 
future work.  
 
Chapter 2 – Principles of Lubrication 
 6 
 
 
 
 
Chapter 2 
 
 
PRINCIPLES OF LUBRICATION 
 
 
 
In this chapter, the basic principles of lubrication are explored. After a short 
description of the different lubrication regimes, more details are given regarding 
hydrodynamic and elastohydrodynamic lubrication, which are of particular relevance 
to this study. This chapter is intended to give the reader an overview of interactions 
between lubricants and surfaces involved in a tribological contact. 
 
 
2.1 Introduction 
 
The presence of a lubricant in machine elements is essential to provide a protective 
film between pairs of interacting surfaces in relative motion. The lubricant’s primary 
function is to reduce both friction and wear. Depending on the nature of the contact 
and on the chemical and physical interactions between the lubricant and the 
contacting bodies, different lubrication regimes have been differentiated and clarified 
using both experimental and numerical methods. This chapter explains some basic 
concepts of lubrication.  
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2.2 Lubrication regimes 
 
In a liquid-lubricated contact, the friction between the surfaces is dependent on both 
the contact conditions and the lubricant properties. To describe this friction behaviour, 
Stribeck [6] defined friction coefficient as a function of the following ratio: 
 
(Eq 2.1)                                                    W
Uη
  
 
 η – lubricant viscosity 
 U – entrainment speed of the contact 
 W – applied load   
 
This ratio can be found in the literature under the name “Stribeck number”. It is used 
to delineate the different lubrication regimes. As shown in the Stribeck curve in 
Figure 2.1, four lubrication regimes are distinguished: 
o (1) Boundary lubrication 
o (2) Mixed-mode lubrication 
o Fluid film lubrication: (3-a) Hydrodynamic lubrication  
                                           (3-b) Elastohydrodynamic lubrication  
 
 
Figure 2.1: Stribeck curve 
 
1 2 
3a 
3b 
 
ηU/W 
 
Friction 
coeff 
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Another convenient way to describe a Stribeck curve consists of defining friction as a 
function of a film parameter known as the lambda ratio, Λ. This term is based on the 
roughness of the contacting surfaces and on the minimum lubricant film thickness as 
described by the following equation (Eq 2.2): 
(Eq 2.2)                                       
5.02
2
2
1
0
)( qq RR
h
+
=Λ
    
 
 h0  –  minimum lubricant film thickness 
 
2
1qR  –  root mean square roughness of surface 1  
 
2
1qR  –  root mean square roughness of surface 2 
 
For a lambda ratio below unity, boundary 
lubrication occurs. This type of regime is governed 
by the roughness properties of the two moving 
surfaces. As seen in Figure 2.2, when the two 
bodies in relative motion are loaded against each 
other, the asperities present at the surfaces enter 
into contact. The film thickness, if any, is lower than the surface roughness. The 
applied load is only supported by the very small area where the opposing surface 
asperities touch, causing high friction and high wear. Most damage to the solid bodies 
occurs during this regime. For example, in the case of bearings, the boundary 
lubrication occurs during the starting procedure. Special lubricants have been 
developed in order to minimize damage caused by high friction and wear during this 
lubrication regime. They usually contain additives which help to prevent wear of the 
rubbing surfaces by forming an adsorbed or reacted protective film on the surface of 
the solids, known as a boundary film. 
 
As the lambda ratio increases (1<Λ<3), the mixed-
lubrication regime occurs. This is the transition 
from the boundary to the fluid film regime. In this 
regime the load is partially supported by a 
pressurised fluid lubricant film and partially solid-
 
Figure 2.2: Boundary 
lubrication 
 
Figure 2.3: Mixed lubrication 
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solid contact. This is shown in Figure 2.3. Since friction due to asperity contact is 
normally larger than that due to fluid film shear, this regime is generally characterized 
by a significant decrease in friction, as can be seen in the Stribeck curve in Figure 2.1.  
 
Finally, as Λ keeps on increasing (Λ>3), the two 
solid bodies become fully separated by a 
pressurized lubricant film as seen in Figure 2.4. In 
this lubrication regime, the load is entirely 
supported by the lubricant and negligible contact 
between the two solid surfaces occurs. This 
defines the fluid film lubrication regime, whose 
behaviour is governed by the bulk physical properties of lubricant.  
 
Two types of fluid film lubrication can be differentiated as revealed by the Stribeck 
curve: hydrodynamic lubrication and elastohydrodynamic lubrication. More details of 
these are given in sections 2.3 and 2.4. 
 
2.3 Hydrodynamic lubrication  
2.3.1. Hydrodynamic regime 
 
Hydrodynamic lubrication generally occurs in geometrically conformal contacts. This 
refers to machine elements whose load is carried over a large area. Typically, in 
journal bearings, the journal and the sleeve have conformal surfaces. Their geometries 
fit closely together ensuring a large contact area. Consequently the generated pressure 
between the two solid surfaces is quite low. In these conditions, if one of the surfaces 
is moving relative to the contact and the two surfaces are not exactly parallel but 
instead the gap between them converges, fluid can be drawn into the converging 
contact. This results in the development of positive fluid pressure, allowing the 
lubricant film to support a significant load. The contact pressures of a hydrodynamic 
contact are typically less than 50 MPa, which is too low to significantly influence the 
viscosity of the fluid. Also, for materials with high elastic modulus, such as steel, 
there will be negligible elastic deformation of the surfaces at this level of pressure. In 
 
Figure 2.4: Fluid film 
lubrication 
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this regime, rheological properties of the lubricant play an important role since the 
generated friction is essentially dominated by the bulk properties of the fluid such as 
its viscosity. In this “ideal” hydrodynamic contact, the protective film is often 
relatively thick, being usually more than 1 µm. 
 
2.3.2. Hydrodynamic theory 
 
In 1886, Reynolds [7] developed a differential equation of full fluid lubrication, which 
describes the pressure distribution experienced by a fluid between two sliding or 
squeezing surfaces. His solution for a sliding contact is derived from the Navier-
Stokes equation [8, 9] and is based on the continuity of flow. A simple 2D form of 
Reynolds equation is given below: 
 
(Eq 2.3)                                          
dx
dhU
y
ph
yx
ph
x
12
33
=





∂
∂
∂
∂
+





∂
∂
∂
∂
ηη
  
 
 η – fluid dynamic viscosity 
 h – film thickness 
 U – mean speed of the two surfaces with respect to the contact (entrainment 
speed)  
 p – fluid pressure 
 
The simplified solution in (Eq 2.3) is obtained by making the following important 
assumptions: 
o No fluid slip at the solid boundaries 
o Negligible variation in pressure through the thickness of the film (the z-
direction) 
o Negligible variation in viscosity through the thickness of the film 
o Surfaces moving only in the x-direction 
o Laminar flow 
o Rigid bearing and journal surfaces 
o Constant fluid density 
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In the case of isothermal, Newtonian fluids, the base fluid dynamic viscosity η0 
remains constant within the contact. As a result, Reynolds equation can be simplified 
and becomes: 
 
(Eq 2.4)                               
dx
dhU
y
ph
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ph
x
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2.3.3. Hydrodynamic friction 
 
From application of hydrodynamic theory to conformal contacts, it is easily shown 
that the film thickness is related to the fluid viscosity η, the applied load W and the 
entrainment speed U by: 
(Eq 2.5)                                                    
5.0






∝
W
Uh η  
 
It can also be shown that friction coefficient depends on the same parameters. Friction 
can be defined by the equation (Eq 2.6): 
 
(Eq 2.6)                                                        
W
A
W
F τµ ==                                                      
 
 µ – friction coefficient 
 F – friction force 
 W – applied load 
 τ – shear stress of the film within the contact 
 A – area of the film 
 
By replacing the shear stress by
h
Uηγητ ==
•
 (Eq 2.7) with 
•
γ and U, shear rate and 
entrainment speed respectively, equation (Eq 2.6) becomes: 
 
(Eq 2.8)                                            
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2.4 Elastohydrodynamic lubrication 
2.4.1 EHD regime  
 
Elastohydrodynamic lubrication is a form of hydrodynamic lubrication which occurs 
in contacts where there is only a localized contact area, such as occurs when a ball or 
cylinder rolls or slides on a flat surface. Such contacts are found in ball bearings, cams 
and gears. These types of contacts are classified as non-conformal due to the low 
degree of geometrical conformity of the surfaces. In such contacts the applied load is 
carried by a very small lubrication area, much smaller than in the case of 
hydrodynamic lubrication, resulting in very high local pressure, of up to 4 GPa for 
steel/steel contacts. In these conditions, even stiff materials such as steel are 
significantly elastically deformed and liquid lubricants also experience a very large 
increase of viscosity with pressure. 
 
2.4.2. EHD theory  
 
In 1881, Hertz [10] developed a theory which describes the deformation of two 
curved, elastic surfaces in contact. He made the following assumptions: 
 Homogeneity of materials 
 No tangential forces – Normal load applied 
 Very small contact area compared to the dimensions of the contacting solids 
 Smooth contact surface 
 Static contact 
 Equilibrium of contact bodies 
 
 
Until 1950s, many experts thought that a full fluid film could not form between two 
non-conforming surfaces because of high pressure involved. However in 1949, 
Grubin [11] combined Hertzian theory with Reynolds hydrodynamic theory and 
created a model to evaluate film thickness for a lubricated, localised contact taking 
into account the impact of high pressure on both elastic deformation and lubricant 
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viscosity. He considered the elastic deformation of the two surfaces and assumed that 
the viscosity increased exponentially with pressure according to the Barus law [12]:  
 
(Eq 2.9)                                                         Peαηη 0=                                                        
 
 η – fluid viscosity 
 η0 – fluid viscosity at atmospheric pressure 
 α – fluid pressure-viscosity coefficient 
 p – pressure 
 
He made the assumption that the surface deformations of a highly loaded lubricated 
contact are similar to that of a dry contact. His model showed good agreement with 
the Hertzian theory for dry static contact. 
 
This regime, developed by Grubin, of liquid lubrication in which the pressure is high 
enough to elastically flatten the surfaces and also significantly increase the viscosity 
of the lubricant is now known as the elastohydrodynamic regime (EHL). 
 
The early equation given by Grubin was approximate since it was based only on a 
Hertzian contact geometry. However his solution made an important contribution in 
the field.  
 
In the 1960s, Dowson and Higginson [13] developed a numerical solution to solve the 
elastohydrodynamic line contact problem while in the mid 1970’s, Ranger et al. [14] 
obtained the first numerical solution of the point contact. In 1977, in four well known 
papers, Dowson and Hamrock described full solutions of elliptical contacts [15-18].  
 
2.4.3 General characteristics of an EHD contact 
 
The general characteristics of an EHD contact are revealed in Figure 2.5. In a static 
contact, according to Hertz theory, the pressure distribution has an ellipsoidal shape. 
In case of elastohydrodynamic lubrication, considering a rolling point contact, some 
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modifications in pressure distribution occur at the edges of the contact. As seen in 
Figure 2.5, the main part of the contact is characterized by two almost parallel, 
flattened surfaces separated by a coherent film whose central film thickness is denoted 
hc. A constriction is formed at the exit of the contact (and also at the sides) and a 
minimum film thickness, denoted h0, can be evaluated. To understand the pressure 
profile, the 2D Reynolds equation given by equation (Eq 2.3) can be considered: 
(Eq 2.3)                             
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dhU
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The pressure depends on x and also on y. So as the lubricant enters the contact, 
viscosity increases enormously due to the strong effect of pressure. Then, in the 
central area, the pressure follows Hertz pressure distribution. Approaching the 
constriction, a pressure peak occurs and sharply drops, accompanied by a significant 
decrease in viscosity. The piezoviscous fluid properties significantly affect the shape 
of the pressure peak seen in the elastohydrodynamic pressure distribution. 
 
 
Figure 2.5: Description of EHD film shape 
 
hc h0 
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Pressure 
Hertz pressure 
distribution 
Elastohydrodynamic 
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Figure 2.6 shows an optical interference 
image of a typical rolling EHD point contact. 
The changes in colour indicate changes in 
lubricant film thickness. The shape of the film 
thickness is clearly visible, with a higher film 
thickness in the centre of the contact than at 
the exit and the sides. This contour map is 
usually described as a “horse-shoe” shape. 
The horse-shoe shape visible in yellow 
indicates a reduction of film thickness at the 
edges and at the exit of the contact, where the pressure falls rapidly. 
 
2.4.4 Hydrodynamic lubrication regimes for non-conformal 
surfaces 
 
Elastohydrodynamic regime is based on both the effect of elastic deformation of the 
contacting surfaces in relative motion and the piezoviscous properties of the lubricant. 
Depending on the impact of these two effects, four fluid film lubrications are 
differentiated [6]:  
 
 Isoviscous-rigid (IR) 
The isoviscous rigid regime is the classical hydrodynamic lubrication. This is 
characterized by a low contact pressure and by negligible deformation of the solid 
surfaces. It always occurs in conformal contacts since the pressure in these is always 
low. But it is also present in non-conforming contacts of stiff (high elastic modulus) 
solids, lubricated with high viscosity lubricants and operating at low loads and high 
speeds.  
 
 Piezoviscous-rigid (VR) 
The piezoviscous rigid regime occurs when there is insignificant deformation of the 
solids in contact but the contact pressure is high enough to cause a significant increase 
in the fluid viscosity. It occurs in non-conforming contacts very stiff surfaces when 
using lubricants with a high pressure-viscosity coefficient.  
 
 
Figure 2.6: EHD point contact 
Flat central 
film thickness 
region 
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 Piezoviscous-elastic (VE) – also named hard EHL 
In the piezoviscous elastic regime, also named “hard-EHL” or just “EHL”, the film 
thickness is controlled by both the elastic deformation of the solids and the increase of 
fluid viscosity with pressure.  
 
 Isoviscous-elastic (IE) – also named soft EHL 
The isoviscous elastic regime is commonly called “soft-EHL” although a more 
accurate name might be “compliant-EHL”. This type of lubrication occurs when there 
is significant solid surface deformation but negligible enhancement of lubricant 
viscosity with pressure. It occurs in contacts where one or both bodies has low elastic 
modulus, e.g. with elastomers (as in engineering seals) and in biocontacts involving 
biological tissue. 
 
Within the context of this project, the impact of the bulk rheological properties on the 
lubricant behaviour will be studied. To avoid any piezoviscous effect occurring in 
case of highly loaded contact, film thickness and friction measurements will be 
carried in compliant contacts. As a result, the isoviscous-elastic lubrication should be 
the chosen regime. 
 
2.5 Soft or compliant Elastohydrodynamic lubrication 
2.5.1 Film thickness numerical investigation 
 
Based on film thickness prediction developed by Dowson and Hamrock [15-18], 
Esfahanian and Hamrock [6] updated theoretical equations to evaluate film thickness 
in the four different regimes. To simplify these equations, several dimensionless 
parameters were defined as follow: 
 Speed parameter 
xRE
UU
'
0η
=   
 Load parameter 2
' xRE
WW = (for an elliptical/point contact) 
 Materials parameter 'EG α=  with α pressure-viscosity coefficient of lubricant 
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 Ellipticity parameter  
pi/2
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 Film thickness parameter 
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 Viscosity parameter 2
3
U
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 Elasticity parameter 2
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The term E’ corresponds to the reduced elastic modulus defined by 
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E νν where E1, E2, ν1, ν2 denotes the Young’s moduli and the 
Poisson’s ratios of the two contacting surfaces. The parameters Rx and Ry are the 
effective radius in x and y direction respectively. 
 
In the soft-EHL mode, considering elliptical contact, the non-dimensional minimum 
and central film thicknesses can be evaluated using the two equations (Eq 2.10) and 
(Eq 2.11): 
 
(Eq 2.10)                             ( ) ( )kEIE egH 31.067.0min 85.0170.8 −−=   
(Eq 2.11)                             ( ) ( )kEIEc egH 28.067.0 72.0115.11 −−=  
 
For circular contact, the elliptic parameter can be reduced to unity. Thus the equations 
(Eq 2.10) and (Eq 2.11) can be simplified in the following form: 
 
(Eq 2.12)                                            ( ) 67.0min 3.3 EIE gH =    
(Eq 2.13)                                               ( ) 67.008.5 EIEc gH =                  
 
A map of lubrication regimes has been developed in terms of dimensionless film 
thickness parameters. It represents the dimensionless viscosity parameter gV as a 
function of the dimensionless elasticity parameter gE. Figure 2.7 is obtained for an 
elliptical contact with an ellipticity parameter k of 1 [6]. Thus for given gV, gE and k 
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parameters, the fluid film lubrication regime can be determined and the theoretical 
film thickness can be evaluated. 
 
 
Figure 2.7: Lubrication regime map [6] 
 
The grey colour highlights the main lubrication regime studied in this thesis. 
 
2.5.2 Friction numerical investigation 
 
To theoretically evaluate friction occurring between two bodies in contact, several 
numerical models have been developed based on Reynolds equation. 
 
For a point contact, friction can be obtained by integrating the shear stress on the 
contact surface as follows: 
 
(Eq 2.14)                                                   ∫∫=
A
dxdyF τ    
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The shear stress, described by equation (Eq 2.15), is defined in terms of Couette flow 
and Poiseuille flow contribution on friction: 
 
(Eq 2.15)                                  
 
 us – sliding speed dbs uuu −=  where ub and ud are the speed of the disc and 
the ball respectively 
 
The sliding speed can be replaced by the ratio between the slide roll ratio SRR and the 
entrainment speed U since 
 
(Eq 2.16)                                    )(5.0 db
db
uu
uu
SRR
+
−
=   
(Eq 2.17)                                        ( )
2
db uuU +=   
 
As a result, equation (Eq 2.15) becomes: 
 
(Eq 2.18)                                            
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From equation (Eq 2.18), it can be seen that the Couette contribution is inversely 
proportional to film thickness and is produced by shear stress occurring in the fluid 
film. The Poiseuille component depends on the fluid film pressure gradient. In the 
literature, Poiseuille flow friction can be referred as “rolling friction” and Couette 
friction as “sliding friction”. However, the contribution of each component cannot be 
differentiated simply since Poiseuille flow friction is still present in pure sliding 
condition while some microslip is generally present in nominally pure rolling 
contacts, especially for compliant contacts where the contact area is generally quite 
large. 
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Using numerical solutions based on Reynolds equation and elastic deformation, De 
Vicente et al. [19, 20] developed regression equations to predict friction for a point 
contact in the isoviscous-EHL regime. To get the best fit, Couette flow friction was 
separated from Poiseuille flow friction and the following equations were found: 
 
(Eq 2.19)                                     7.065.046.1 −= WUPoiseuilleµ   
(Eq 2.20)                              11.036.076.071.0 96.08.3( −− += WUWUSRRCouetteµ  
 
Separate equations were supplied since on one surface the Couette friction acts in the 
same direction as the Poiseuille friction while on the countersurface it acts in the 
opposing direction. The Couette term is more complex than Poiseuille regression. 
This complexity can be explained by the fact that friction by Couette flow comes from 
two different zones in the contact: central area and the borders of the contact region. 
These two zones depend differently on load and speed.  
 
Myant et al. [21] also analysed the friction behaviour of a range of shear-thinning 
solution in soft isoviscous EHL. The influence of load and elastic properties on the 
rolling and sliding contact was analysed. The numerical model developed by de 
Vicente et al. was found to be in good agreement in pure sliding conditions. However 
the prediction of rolling friction did not fit the experimental data.  
 
2.6 Summary 
 
In this chapter a basic description of our current understanding of the lubrication 
regimes has been given. The chapter has focused on the hydrodynamic and EHD 
lubrication regimes. 
 
In the research described in this thesis, the main interest will be on the isoviscous 
elastohydrodynamic regime. The effect of shear thinning of polymer solutions will be 
studied in soft or compliant contacts. This avoids any pressure effects on the fluid 
viscosity that occurs in other regimes, and should thus allow the impact of polymer 
properties on film thickness and hydrodynamic friction to be investigated.  
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Chapter 3:  
 
 
LUBRICANTS 
 
 
 
This chapter outlines the characteristics of liquid lubricants used in motor engines, 
including their physical and chemical properties. Some engine oil viscometric 
specifications are also discussed. The chapter focuses on the nature and the function 
of the main polymer additives used in motor oils. 
 
 
3.1 Multigrade engine oil 
3.1.1 Base oils 
 
Base oils can broadly be separated into two groups: mineral and synthetic oils [22].  
 
Mineral oils, which are derived from crude oil by fractional distillation, contain a 
variety of hydrocarbons. The composition of the mineral base oil is dependent on the 
nature of the crude oil from where it was derived, and on the extent of processing. 
Mineral base oil can contain alkanes (paraffins), alkenes (olefins), alicyclics and 
aromatics. They also contain a small amount of organosulfur and organonitrogen 
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species [23]. Mineral base oils can be grouped depending on their composition and 
physical properties, following Table 3.1 below.  
 
Category % Sulphur % Saturates Viscosity temperature dependence 
Group I >0.03 <90 Medium 
Group II <0.03 >90 Medium 
Group III <0.03 >90 Low 
Group IV All PAO 
Group V All others 
Table 3.1 American Petroleum Institute classification 
 
Group I, II and III are classified according three parameters: the saturates content, the 
sulphur content, and the viscosity-temperature characteristics. 
 
Group I and II are usually referred as mineral oils. Group I is the least refined oil, 
revealing the highest level of sulphur (above 0.03 %). In recent years, it is used less 
and less in motor oil due to its low oxidation stability and relatively high volatility. 
Group II, produced by hydrocracking and isomerisation technology, contains fewer 
impurities than group I. Its saturates level reaches more than 90%.  
 
The process used to refine group III base oils is similar to the technology used to 
produce group II base stocks. However the conditions are more severe to obtain a 
final product with better thermal stability. The viscosity-temperature dependency of 
group III is lower than group II. In the last 10 years, the use of group III base oils in 
the lubricant industry has been intensively developed since they approach the 
performances of synthetic oils and are less expensive to produce. 
 
Group II and III base oils are now used in preference to Group I base stock in motor 
oils [24]. Their better performances come from the modern hydroisomerisation of 
Group II and III base oils. This process removes oxidatively unstable components 
from the base oil, and consequently also eliminates sulphur compounds.  
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Groups I and II are classified as mineral base oils, whereas group III is defined as 
synthetic base oil in most countries. Synthetic base oils also include groups IV and V. 
These two categories are discussed below. 
 
Synthetic lubricants are produced by a chemical process. This presents the advantage 
to produce purer base stocks and to control some specific characteristics such as the 
molecular weight distribution. The most widely used synthetic lubricants are 
polyalphaolefins (PAOs). They are derived from a mixture of α-olefins containing 
between 6 and 12 carbon atoms. The chemical process consists of first the 
oligomerisation of α-olefins, followed by hydrogenation. It produces high purity base 
oils mostly within a narrow range of molecular weights [23, 25].  
 
The main positive aspects of PAOs are listed below: 
o Operational over a wide range of temperature 
o Good viscosity properties 
o Good thermal stability 
o Excellent oxidation stability 
o Good shear stability 
 
However PAOs exhibit poor boundary lubrication abilities, are poor solvents for 
chemical additives and can cause seals to swell. Additionally, they are expensive to 
produce. Other synthetic oils have been developed in order to reduce the cost of 
production and meet the performances of PAOs [23, 25].  
 
Group V encloses all the base stocks which are not described by the previous groups. 
It includes polyalkylene glycols (PAGs), perfluoropolyalkylethers (PFPAEs) and 
polyol esters (POEs) [26-28].  
 
PAGs exhibit high temperature stability and low pour points. Typically PAGs are 
composed of ethylene oxide and propylene oxide [26]. When only propylene oxide 
molecules are present, PAGs have low water solubility. However by modifying the 
percentage of mixture of ethylene oxide and propylene oxide, the product can become 
water soluble.  
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PFPAEs show high thermal stability and very low volatility. They are extremely inert 
base oils and are suitable for corrosive and severe environments [27].  
 
Like PAGs and PFPAEs, polyol esters have very good viscosity-temperature 
characteristics. They are also known for their high oxidation stability. A large variety 
of alcohols and acids can be used to produce POEs [28]. 
 
3.1.2 Engine oil composition 
 
To improve the overall performance of engine oils, chemical additives can be added 
to the base oil. The main chemical additives are described below. 
 
Antiwear 
 
Multigrade engine and transmission lubricants contain typically between 0.5 and 2% 
of antiwear additives. The main function of these additives is to reduce wear by 
forming a protective adsorbed film on the moving surfaces. They are very efficient at 
high temperature in the boundary and mixed lubrication regimes. The most commonly 
used antiwear additive is zinc dialkyldithiophosphate ZnP2S4O4R4, often abbreviated 
to ZDDP. It demonstrates excellent wear protection and very good antioxidant 
properties [29]. However, despite its good performance, ZDDP content is slowly 
being reduced in oil formulation. The presence of metal, phosphorus and sulphur 
atoms in ZDDP cause damage to engine exhaust catalysts and filters [30]. The 
Original Equipment Manufacturers (OEMs) want to significantly reduce the harmful 
effect of these elements on the catalyst. Therefore specifications have been 
established to restrict the level of metal, phosphorus and sulphur in modern motor oils 
[31, 32]. For this reason, lubricants with low concentrations of sulphated ash, 
phosphorus and sulphur, called low SAPS, are currently being investigated to replace 
ZDDP. 
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Friction Modifiers 
 
In addition to antiwear additives, friction modifiers are also usually used in multigrade 
oils in order to enhance fuel economy. They significantly reduce friction between the 
two lubricated parts in the boundary and mixed lubrication regime by forming low 
shear strength boundary films on the surfaces. These additives are typically long alkyl 
or alkenyl chain molecules with polar groups at one end. The ability to form an 
effective friction reducing layer depends on the polarity of its head groups, and the 
molecular weight and structure of the tail group [25, 30]. Another important type of 
friction modifier additives comprises oil soluble organo-molybdenum compounds. 
These form very small crystals of MoS2 on rubbing surfaces [33]. Friction modifier 
additives are currently being widely studied since they contribute to increasing fuel 
economy of engines.  
 
Antioxidants 
 
Antioxidants can also be part of multigrade oil formulation at a level of 0 to 1% wt. 
However the treat rate can be higher in some top tier engine oils. Antioxidants are 
used to limit the extent of oxidation of the base oil and corrosion of metal surfaces. 
Some antioxidants, known as radical scavengers, can react with partially-oxidised 
hydrocarbons and prevent the oxidative chain reaction from continuing. Some 
examples of radical scavenger type antioxidants include sterically hindered phenols 
and aromatic amines [23]. 
 
Dispersants 
 
All modern multigrade lubricants also contains dispersant. Its concentration can vary 
from 1 to approximately 10% wt. Its main function is to keep carbon particles, for 
example soot particles, in suspension. Consequently it prevents agglomeration of soot 
and settling on solid surfaces [23].  
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Detergents 
 
Detergents are long chain surfactants designed to solubilise oxidised oil species and 
prevent the formation of varnish on hot surfaces. They have a basic core which 
neutralises acidic species formed during the combustion process in engines [23].  
 
Viscosity Index Improvers or Viscosity Modifiers 
 
Viscosity Index Improvers (VIIs) or Viscosity Modifiers (VMs) are used in lubricant 
formulations to reduce the impact of temperature on the lubricant viscosity. At low 
temperature, engine lubricants have to be sufficiently free flowing to facilitate cold 
starting of engines. At high temperatures engine oils must retain adequate lubricant 
viscosity to produce a protective hydrodynamic film between the surfaces in relative 
motion. In practice, the viscosity of most base oils falls too rapidly with temperature 
to achieve these requirements, so either viscosity is too large at low temperatures or 
too low at high temperatures To solve this problem, modern engine oil contain 
polymers called viscosity index improvers (VIIs) which reduce the rate at which the 
blend viscosity decreases as temperature increases. Typically between 0.5 and 3% wt 
of VII is used depending on the viscosity-temperature properties desired. In addition 
to its concentration, the molecular weight and chemical type also strongly influences 
the performances of the VIIs. More details are given in section 3.3 since this thesis 
will essentially focus on these additives and the impact of their shear thinning on 
friction.  
 
3.2 Viscosity Index calculations 
 
The viscosity of liquids varies significantly with temperature. Their viscosity always 
falls with increasing temperature and, generally, the more viscous the liquid the more 
rapid this fall. In 1929, Dean and Davis [34] published the first method to describe 
this viscosity-temperature dependency. They created a factor called Viscosity Index 
(VI) and established a scale where a VI of 0 corresponded to a typical naphthenic 
refined crude oil of the day, whose viscosity fell very rapidly with temperature and a 
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VI of 100 corresponded to the paraffinic refined crude oil whose viscosity fell most 
slowly with temperature. Nowadays, lubricants have been improved so that the 
majority have an index higher than 100. 
 
The evaluation of VI is based on the comparison of kinematic viscosity of a test 
sample at 40°C with the viscosities of two reference oils. These identified fluids, 
designated low and high reference oils in equation (Eq 3.1), have respectively a 
viscosity index of 0 and 100. They are chosen so their viscosities at 100°C are the 
same as the viscosity of the test oil at that temperature. The index can then be 
calculated by the following formula [35]: 
(Eq 3.1)                                                100(%) ×





−
−
=
HL
LVI kinη  
 L  - kinematic viscosity of a low reference oil at 40°C 
 H - kinematic viscosity of a high reference oil at 40°C 
 ηkin - kinematic viscosity of the tested oil at 40°C  
 
Figure 3.1 describes schematically the influence of temperature on viscosity 
behaviour for low, medium and high VI oils. It shows that viscosity of high VI 
solution is more stable with an increase in temperature than a low VI oil viscosity. 
 
The VI method of describing how viscosity depends on temperature for a given fluid 
has no scientific basis and L and H in equation (Eq 3.1) cannot be derived 
theoretically. 
 
Figure 3.1: Viscosity-Temperature 
dependency for different types of oils 
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3.3 Viscosity Index Improvers 
 
Among the different additives used in multigrade oils, VIIs are of a particular interest. 
They are used in almost all engine oils, where their main function is to modify the 
bulk viscometric properties of the base fluid. As their name indicates, they have the 
ability to increase the viscosity index of base stocks. 
 
VIIs were first introduced into lubricants in the 1950s. Originally they were 
essentially long linear chain polymers, such as polymethacrylate polymers. During the 
following ten years, polymers with more sophisticated structures were investigated, 
including branched copolymers, block copolymers and star polymers. Nowadays the 
most typical polymers used as VIIs are polymethacrylate, olefin-copolymer and 
hydrogenated styrene-diene polymers [23, 36, 37]. 
 
3.3.1 Polyalkylmethacrylates 
 
Polymethacrylates (PMAs) remain the most commonly-used VII. The chemical 
structure is shown in Figure 3.2. Typically PMAs have a linear structure and are 
highly soluble in mineral oil. They are produced by free radical solution reaction and 
are usually composed of a mix of three methacrylic acid ester: a short, a medium and 
a long alkyl methacrylate chain. The low alkyl component corresponds to a mix of 
methyl and butyl methacrylates. The medium and long chains contain between 8 and 
15, and between 16 and 20 atoms of carbon respectively. The ratio of the three 
monomers is chosen by considering the interaction properties between carbon atoms 
present on the additive and any wax present in the base stock. Because of the 
interaction between wax and PMAs, this VII also plays the role of a pour point 
depressant [37, 38]. 
 
For engine use, VII typically have a relatively high molecular weight varying from 
250,000 to 800,000 g/mol, with a broad molecular weight distribution. However they 
can have molecular weights down to 30,000 g/mol with a narrower molecular weight 
distribution [37]. 
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Figure 3.2: Polymethacrylate 
 
3.3.2 Olefin copolymers 
 
Olefin copolymers are widely used as VIIs. These polymers, based on ethylene and 
propylene molecules, typically contain between 40 and 60 wt% of ethylene. The 
chemical structure is shown in Figure 3.3. 
 
The ethylene/propylene proportion has to be chosen carefully. It has been shown that 
high ethylene content exhibits very good thickening ability. However an excess in 
ethylene can lead to solubility issues, especially at low temperature. Additionally, the 
ratio relies on the risk of oxidation which might be caused by a high level of 
propylene. The best fraction appears to contain slightly higher ethylene than 
propylene. 
 
Finally, to optimise olefin copolymer properties, a random distribution of ethylene 
and propylene sequences in the polymer chains is preferred. It has been shown that if 
several ethylene units follow successively, the molecules can react with wax present 
in the base stock and also cause undesirable effects such as oxidation [38]. 
 
The molecular weight range of olefin copolymers is smaller than PMAs and can vary 
from 20,000 to 200,000 g/mol. Olefin copolymers tends to have poorer low 
temperature properties compared to styrene-diene and star polymers. However they 
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are widely used in lubricant industry due to their excellent thickening ability and their 
low production cost [38-40]. 
 
 
Figure 3.3: Olefin copolymer 
 
3.3.3 Hydrogenated styrene-diene polymers 
 
Polymers having a more complex structure than a linear configuration have been 
introduced in lubricant blends for the last 20 years. Hydrogenated styrene-diene star 
polymer is a good example of such a sophisticated VII. The configuration consists of 
a star structure composed of a nucleus containing between 5 and 15 arms. The diene 
part can be butadiene or isoprene. The chemical structures of these two classical 
examples are shown in Figure 3.4. The number of arms plays an important role on the 
thickening performance and the shear stability [39].  
 
Star hydrogenated styrene-diene polymers often have very high molecular weight, 
fluctuating between 300,000 and 700,000 g/mol with a quite narrow molecular 
distribution. 
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Figure 3.4: Left picture: SBR styrene butadiene (unhydrogenated) / Right 
picture: SIP styrene isoprene  
 
 
3.4 Summary 
 
This chapter has discussed the main constituents of modern engine oils, including 
base fluids and additives. The different chemical and physical properties of the base 
oils have been discussed, and the action of the chemical additives has been briefly 
outlined. Within the context of this project, the research will focus on VII polymer 
additives. These modify the bulk rheological characteristics of the base fluids, 
resulting in a reduction of the viscosity variation with temperature.  
 
Different types of Viscosity Index Improvers are currently used in industry. They 
have all been intensively investigated. However their complex behaviour under severe 
conditions present in motor engines remains unclear. The current level of 
understanding is described in the following chapter. 
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Chapter 4:  
 
 
POLYMERS IN LUBRICANTS 
 
 
 
This chapter outlines the main properties of polymeric solutions. The rheological 
impact and the mechanism of action of VIIs are first explained. Then some aspects of 
polymer science, such as the critical concentration and the hydrodynamic volume, are 
examined. The shear stability and the viscoelasticity of polymers are also discussed. 
Finally the boundary lubricating properties of VIIs are explored. 
 
 
4.1 Introduction 
 
Viscosity Index Improvers are added into engine oils to improve their viscometric 
properties. Their mechanism of action and their rheological behaviour have been the 
purpose of a large number of researches and are quite well understood.  
 
Additionally to their impact on viscosity, recent studies have reported that polymer 
additives also have a beneficent influence on friction by providing lower engine 
friction than polymer-free oils of comparable viscosity [2]. The impact of VII 
solutions on friction still remains unclear. In the literature, different explanations have 
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been proposed to clarify this effect. This friction reduction has been ascribed to [3, 40, 
41]: 
o Effect of polymer shear thinning 
o Viscoelasticity of polymers 
o Boundary lubricating properties of VII solutions 
 
From the above, the importance of understanding shear stability, viscoelasticity and 
boundary lubricating abilities of polymer solutions is evident. Thus this chapter 
focuses on the main properties of polymer solutions including their rheological 
behaviour. An overview of the different proposed mechanisms responsible for friction 
reduction is also given.  
 
4.2 Rheological behaviour 
 
In this section, some basic rheological definitions are described and the impact of 
polymer molecules on the viscosity enhancement of base fluid is explained. 
 
4.2.1 Viscometric definitions 
 
Viscosity describes the resistance to flow of a liquid between two surfaces in motion. 
It can be regarded as a measure of the internal friction of the fluid.  
Figure 4.1 illustrates the behaviour of a liquid film enclosed between a stationary and 
a moving, parallel surface. 
 
 
Figure 4.1: Dynamic viscosity 
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Considering two large plates and ignoring edge effects, Newton [42] defined the shear 
stress as being directly proportional to the velocity gradient dz
du
. The dynamic 
viscosity can thus be described as below: 
 
(Eq 4.1)                                            
•
==
γ
ττη
dz
du  
In SI units, the viscosity η, the shear stress τ  and the shear rate 
•
γ  are respectively 
expressed in Pa.s, Pa and 1/s.  
 
Liquids such as low molecular weight solutions exhibit a constant viscosity with 
increasing shear rate. Named after Isaac Newton, this type of fluids is classified as 
“Newtonian”. If the viscosity changes with shear rate variation, the term “non-
Newtonian” is used. Non-Newtonian fluids can reveal either a viscosity which 
increases, or a viscosity which decreases with shear rate. They are called respectively 
“dilatant” or “pseudoplastic” fluids. Figure 4.2 represents schematically the viscosity-
shear stress dependency for these three types of liquids. 
 
 
 
Figure 4.2: Viscosity and shear stress behaviour as a function of shear rate for 
Newtonian, dilatant and pseudoplastic liquids 
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A typical shear thickening behaviour can be observed for solutions with a high 
concentration of particles in suspension. However such dilatant fluids remain quite 
rare. 
Pseudoplastic liquids are of particular interest for our project since polymer solutions 
typically illustrate this type of behaviour. The decrease in viscosity with a rise in shear 
rate is also known as “shear thinning”. For polymer solutions and melts, this 
phenomenon is usually attributed to the elongation of polymer molecules in the 
direction of the shear. More details are given in section 4.4. 
 
4.2.2 Viscosity enhancement 
 
Polymers increase significantly the viscosity of the base fluid in which they are 
dissolved. A mechanism of viscosity enhancement was proposed by Selby [43]. He 
considered the important influence of temperature on the polymer configuration as 
well as the polymer-polymer and polymer-solvent interactions. He suggested that at 
low temperature, polymer molecules in solution adopt a contracted configuration. As 
shown in Figure 4.3, as the temperature increases, polymer molecules expand into the 
solvent and the long open chains interact with each other. According to Selby's 
theory, these interactions restrict the solvent flow and the blend becomes relatively 
more viscous. 
 
In addition to the impact of temperature, the chemical nature of polymers and solvent 
molecules also play an important role in the thickening effect. A “good” solvent 
shows similar molecules in properties to the polymer chain. As a result, links between 
polymer and solvent particles occur, easily favouring the expansion of polymer chains 
into the solvent. As seen in Figure 4.3, the more soluble the polymer is, the more the 
viscosity of the fluid is enhanced.  
 
Selby’s mechanism is now generally accepted in polymer science.  
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(a)                                          (b)                                            (c)  
Figure 4.3: Effect of solvent and temperature on polymer molecule expansion 
 
Huggins and Kraemer [44] tried to quantify the viscosity enhancement ability of 
polymer in solution. They obtained the equations (Eq 4.2) and (Eq 4.3): 
 
(Eq 4.2)                                            [ ] [ ] Ck
C
sp 2' ηη
η
+=





                                                 
(Eq 4.3)                                          [ ] [ ] Ck
C
rel 2''ln ηηη −=





                                               
 
 ][η  - Intrinsic viscosity  
 spη  - Specific viscosity 
sol
sol
sp η
ηηη 0−=  (Eq 4. 4) where 0η is the viscosity of 
the base oil and solη  the viscosity of the solution 
 relη  - Relative viscosity, 
0η
ηη solrel = (Eq 4. 5) 
 C - Concentration of polymer in grams per 100 mL of solution 
 
'k  - Huggins’ coefficient,  
 
''k  - Kraemer’s constant,  
 
The coefficients 'k and ''k  are characteristics of polymer-solvent interactions. A value 
of 'k  above 0.5 implies poor polymer solvent interactions. On the contrary, a 
parameter between 0.2 and 0.5 corresponds to elongated polymer chains in a good 
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solvent. The Kraemer’s constant ''k is related to the Huggins’ coefficient by the 
following relation: 
 
(Eq 4.6)                                               ''' 5.0 kk −=  
 
At very low polymer concentration, the second term of the Huggins and Kraemer 
equations can be ignored. Thus the intrinsic viscosity is equivalent to equations (Eq 
4.7) and (Eq 4.8) as follow: 
 
(Eq 4.7)                                                [ ]
0→






=
C
sp
C
η
η  
(Eq 4.8)                                                [ ]
0
)ln(
→






=
C
rel
C
ηη   
 
The intrinsic viscosity indicates the viscosity enhancing "power" of a polymer. For a 
given polymer-solvent system at one specific temperature, the intrinsic viscosity can 
be experimentally evaluated by extrapolating the two ratios 
C
spη
 and 
C
rel )ln(η
 to 
infinite dilution. Its units are dl/g. 
 
The reduced viscosity redη  can also be used as an indicator of the polymer capacity to 
enhance the viscosity of a base fluid. It is defined as below [44]: 
 
(Eq 4.9)                                          
CC
spsol
red
η
η
ηηη =−=
0
0
                                            
 
The intrinsic viscosity corresponds to the limiting value of the reduced viscosity.  
 
As explained above, the enhancing “power” of a VII polymer can be simply described 
by either the intrinsic viscosity [η] or by the reduced viscosity redη . However, the 
mechanism involved in the thickening process is complex and the values of these 
viscosities alone are not sufficient to fully understand polymer effects. 
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4.3 Properties of polymer in solution 
 
This section overviews the main characteristics of polymers and their properties in 
solution. The term “critical concentration” is defined and the concept of 
hydrodynamic volume is explored.  
 
4.3.1 Polymer properties  
 
Polymer additives are characterized by their molecular weight. Mechanical and 
physical properties of polymers, such as stiffness, viscoelasticity and viscosity, 
depend on this parameter. Different average molecular weights have been defined, of 
which the most frequently used are the number average molecular weight, NM , the 
weight average molecular weight, WM  and the peak-average molecular weight, PM . 
They can be evaluated by the following equations: 
 
(Eq 4.10)                                    
MoleculesPolymerofNumber
WeightTotal
N
MN
M
i
ii
N =
∑
∑
=  
(Eq 4.11)                                    ii
ii
ii
W MwMN
MN
M ∑=
∑
∑
=
2
 
 
 iN represents the number of molecules of molecular weight iM  
 iw represents the weight fraction of polymer of molecular weight iM and 
equals 
ii
ii
i MN
MN
w
∑
= (Eq 4.12) 
 
A typical molecular weight distribution (MWD) indicating the main average 
molecular weights is shown in Figure 4.4.  
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Figure 4.4: Schematic curve describing a typical molecular weight distribution 
 
The MWD curve gives the weight fraction of polymer at a specific molecular weight. 
A key parameter known as the polydispersity index (PDI) is used to describe the 
polymer chain distribution. It corresponds to the following ratio: 
 
(Eq 4.13)                                         
N
W
M
M
PDI =  
 
When PDI is close to 1, polymers are classified as monodisperse. They exhibit a very 
narrow molecular weight distribution. For VIIs used in lubricant industry, this index is 
higher and lies typically between 2 and 4 [23].  
 
4.3.2 Critical concentration 
 
Depending on the concentration of polymer additives, VII solutions can be classified 
in three different categories: dilute regime, critical concentration region and semi 
dilute regime. As seen in Figure 4.5, at low concentration, in the “dilute regime”, 
polymer chains are fully separated in the matrix of the solvent. As the concentration 
Schematic molecular weight distribution
 Molecular weight
W
ei
gh
t f
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n
 
 
MW 
MN 
MP 
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increases, the critical concentration usually noted C*, is reached. At this stage, the 
polymer coils start to be in contact. If the concentration still rises further, polymer 
chains overlap significantly and the degree of entanglement increases, resulting in an 
important rise in viscosity. This regime is defined as the “semi-dilute regime” or 
“concentrated regime”. 
 
 
Several models have been developed to theoretically evaluate the critical 
concentration [45, 46], but a simple approximation of C* can be calculated as follow: 
 
(Eq 4.14)                                             [ ]η
1*
=C  
 
4.3.3 Mark-Houwink-Sakurada relationship 
 
In the late 1930s, Mark, Houwink and Sakurada established an empirical relationship 
which correlates the intrinsic viscosity to the molecular weight: 
 
(Eq 4.15)                                                 [ ] ( )aVMK=η                                              
 
 Viscosity-average molecular weight in g/mol – Mv  
 Constants determined for a particular polymer-solvent system at a defined 
temperature – K and a 
 
 
Figure 4.5: Regimes of polymer solutions 
Dilute regime 
C<C* 
Critical concentration 
C ~ C* 
Semi-dilute regime 
C>C* 
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The viscosity-average molecular weight MV is a difficult parameter to determine 
experimentally. In the case of narrow molecular weight distribution, MV can be 
commonly replaced by the weight-average molecular weight MW.  
 
The Mark-Houwink-Sakurada model expressed in equation (Eq 4.15) and known as 
the MHS equation can be rewritten as a logarithmic function: 
 
(Eq 4.16)                                       [ ] ( ) KMa W logloglog +=η                                     
 
The parameters a and K can be easily determined by plotting [ ]ηlog as a function 
of ( )WMlog . As revealed in Table 1, depending on the value of a, different polymer 
configurations are proposed: 
 
Value of a Polymer configuration 
a = 0 Hard spheres 
a = 0.5 Theta solvent conditions 
0.5 < a < 0.8 Random coils 
a = 1 Stiff coils 
a = 2 Rigid rods 
Table 4.1: Mark-Houwink-Sakurada parameter a 
 
When the index a equals 0, polymer molecules are considered as hard spheres. At a 
value of 0.5, polymer chains are in theta solvent conditions and act like unperturbed 
random coils. The parameter k is then denoted kθ. As the parameter a increases up to 
0.8, the polymer chains fully extend in solution. In this case, the solvent is classified 
as “good”. If a equals 1 or 2, polymer coils are defined respectively as being stiff or 
rodlike [47].  
 
 
 
 
Chapter 4 – Polymers in Lubricants 
 
 42 
4.3.4 Hydrodynamic volume 
 
To evaluate polymer behaviour in solvent and estimate the size of polymer molecules, 
a theoretical approach has been developed by Flory and Fox [48]. Based on the 
Einstein viscosity relation, they suggested that the volume occupied by a polymer coil 
is similar to the volume of a sphere defined by a hydrodynamic radius hr as seen in 
Figure 4.6. 
 
 
 
Figure 4.6: Equivalent sphere model for polymer coil in solution 
 
According to the Einstein equation, for uniform spherical particles homogenously 
dispersed in solution, specific viscosity spη can be described in terms of the number of 
molecules per unit volume as: 
 
(Eq 4.17)                                  hpsp VV
n






=
−
= 5.2
0
0
η
ηηη  
 number of molecules per unit volume – 
V
n p
  
 Hydrodynamic volume – hV  
 
V
n p
can be replaced by 
M
CN A where C is the polymer concentration, NA, the Avogadro 
constant and M, the molecular weight. As a result, the Einstein equation is: 
 
(Eq 4.18)                                   hAsp VM
N
C






= 5.2
η
rh 
Polymer coil 
Equivalent sphere 
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By extrapolating to zero concentration, the equation (Eq 4.19) below is obtained: 
 
(Eq 4.19)                                [ ] hA
C
sp V
M
N
C






==
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hV  could be simply replaced by 
3
.
4
3
hrpi . However, in reality polymer molecules are 
not hard spheres; thus it might be more accurate to consider that hV  is proportional to 
the hydrodynamic radius 2
3
2 >< hr  by a constant m.  
By denoting ANm..5.2=φ , the intrinsic viscosity [ ]η  equals: 
 
(Eq 4.20)                                  [ ] 2
12
3
2
M
M
rh







 ><
= φη                                           
 
The hydrodynamic dimension rh can be related to the unperturbed mean square end-
to-end distance of polymer molecules 2/120 )( >< r  and a coefficientα , which defines 
the expansion of polymer coil in solution: 
 
(Eq 4.21)                                  2/1202/12 ).()( ><=>< rrh α                                        
 
As a result, the equation (Eq 4.20) becomes: 
 
(Eq 4.22)                                    [ ] 2
1
3
2
3
2
0 M
M
r
αφη 





 ><
=                                         
 
Considering the theta temperature condition, the coefficient K, noted θK , has been 
defined by Flory and Fox as: 
 
(Eq 4.23)                                    2
32
0 )(
M
r
K
><
×= φθ    
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In the literature, φ  is named the Flory viscosity constant. This constant has been 
evaluated experimentally from different systems by Flory and Fox [49]. They 
considered the following relation; [ ] M
r
32
0 ><
=
θηφ . They calculated the intrinsic 
viscosity from viscosity measurements at the theta temperature and measured the 
mean square end-to-end distance 2/120 )( >< r  by light scattering. They foundφ  to be 
approximately 2.8.1021dl/mol.cm3.  
The ratio 
2
1
2
0







 ><
M
r
 stays constant and has been experimentally evaluated for 
different systems by Brandrup and Immergut in 1975 [50].  
 
In 1963, Stockmayer and Fixman [51, 54, 55] proposed another theoretical model 
based on the Mark-Houwink equation in order to quantify polymer-solvent 
interaction. They established the following linear equation: 
 
(Eq 4.24)                                    2/12/1 ...51.0
][ MBK
M
φη θ +=  
 
 θK  - unperturbed parameter 
 B – coefficient proportional to polymer-solvent interaction parameter 
 φ  - Flory constant  
 M  - molecular weight 
 
The coefficient B is defined and stays constant for one polymer-solvent system at one 
temperature. It can be obtained by plotting 2/1
][
M
η
as a function of 2/1M . The parameter 
θK  corresponds to the intercept whereas B..51.0 φ  is determined by the slope.  
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4.4 Shear stability 
 
This section outlines the shear stability of VII solutions. Polymeric solution 
performance under shear stress is explored and some models describing the non-
Newtonian behaviour are reviewed. 
 
4.4.1 Temporary shear thinning  
 
Under high shear stress (and high strain rate), polymer molecules tend to elongate in 
the direction of the shear. This elongation and the distortion of polymer chains means 
that the chains offer less resistance to fluid flow, resulting in a significant decrease in 
viscosity. When the shear stresses are removed, the polymer molecules return to their 
initial state and the viscosity resumes its original low shear stress value. Typically 
only temporary distortion of polymer molecules occurs at a shear rate between 103 and 
106 s-1 [51]. Above that shear stress rate range, the viscosity of the blend starts also to 
be permanently affected by shear stress.  
 
The temporary shear thinning mechanism is shown in Figure 4.7.  
 
 
Figure 4.7: Temporary viscosity loss mechanism 
 
In describing the extent of shear thinning, the variation of viscosity is normally 
expressed as a function of shear rate. However it should be noted that it is likely that 
the main causative parameter is the shear stress which increases in parallel with the 
shear rate. The stress experienced by the action of the solvent and other polymer 
molecules can be considered to result in elongation. However some degree of 
  
τ 
Temporary 
viscosity loss 
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alignment may also be in response to a velocity gradient, with parts of the molecule 
being translated faster than other parts.  
 
The degree of elongation and distortion of polymer molecules is molecular weight and 
configuration dependent [42, 50, 52, 53]. Several researches showed that the higher 
the molecular weight, the greater the temporary viscosity loss. In 1958, Horowitz [54] 
analysed several VIIs at different concentration and showed that some polymer 
solutions revealed a significant decrease of 75% in viscosity.  
 
Currently there is no method to predict how large the drop in viscosity due to shear 
stress will be. However the temporary viscosity loss can at least be obtained 
experimentally by measuring the low shear rate viscosity and the high shear rate 
viscosity of the blend. It is commonly expressed as a percentage as follows [23]: 
 
(Eq 4.25)                          %100×−=
⋅
⋅
ShearLow
ShearShearLowTVL
η
ηη
 
 
 ShearLow.η  - Blend viscosity at low shear rate  
 Shearη  - Blend viscosity at high shear rate 
 
Instead of using TVL index, some studies evaluate the loss in terms of the Temporary 
Shear Stability Index (TSSI) which includes the viscosity of the base oil η0. This 
index is defined as follows: 
 
(Eq 4.26)                         %100
0
×
−
−
=
⋅
⋅
ηη
ηη
ShearLow
ShearShearLowTSSI   
 
4.4.2 Permanent shear thinning 
 
For a monodisperse polymer, temporary shear thinning occurs up to a limiting shear 
stress. Above that limit, the carbon-carbon bonds in the polymer molecules cannot 
support the shear stress and simply break. The rupture statistically occurs near the 
Chapter 4 – Polymers in Lubricants 
 
 47 
middle of the polymer chain where the maximum tension occurs. Two fragments of 
equivalent molecular weights are formed, each having approximately half the 
molecular weight of the initial polymer [55]. Due to the scission of polymer chains, 
the efficiency of VII to restrict the flow of solvents is reduced. Since this process is 
irreversible, the loss in viscosity is permanent. For a polydisperse polymer, further 
temporary shear thinning will continue above the limiting shear stress at which some 
permanent shear thinning takes place, since longer chains will break but shorter ones 
will not. 
 
The two-stage shear thinning mechanism is revealed in Figure 4.8 and shows the 
permanent damage occurring to polymer molecules when very high shear stresses are 
applied. 
  
 
Permanent shear thinning is highly influenced by polymer properties, such as the 
molecular weight, the concentration and the configuration of polymer molecules. 
Early research showed there is a limiting molecular weight, below which, at a specific 
shear rate, no permanent viscosity loss occurs [56]. For higher molecular weight 
polymers it has been experimentally proved that polymer chains tend to break and 
create medium weight polymers. Hillman et al. [57] used Gel Permeation 
Chromatography to analyse the molecular weight distribution of VIIs before and after 
shear. They revealed that permanently damaged solution showed a narrower 
molecular weight distribution. 
 
For a same type of polymer, as molecular weight increases, polymer chains are more 
likely to permanently degrade. Stambaugh et al. [1] confirmed that statement by 
evaluating the permanent viscosity loss of several PMAs with molecular weight 
 
Figure 4.8: Shear thinning mechanism 
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varying between approximately 50,000 and 1,000,000 g/mol. A relatively proportional 
dependency between molecular weight and permanent viscosity loss was obtained. 
  
The impact of molecular weight on shear stability is incontestable. However it is been 
recommended that the molecular weight of the backbone should be taken in account 
instead of the overall molecular weight [58, 59]. Some researches have suggested that 
the shear stability is a function of the hydrodynamic volume of the polymer coil 
instead of the average molecular weight and only depends on the size of the backbone. 
This theory would explain why a similar rate of permanent viscosity loss was found 
for an OCP and a PMA having respectively a molecular weight of 90,000 g/mol and 
200,000 g/mol [60], since PMA chains have relatively long alkyl side branches that 
increase the molecular weight but not the backbone chain length. Suzuki et al. [61] 
also used this interpretation to clarify the viscosity behaviour of an OCP and a PMA 
of comparable molecular weight under high shear rate. They showed that the decrease 
in viscosity was more important for OCP than for PMA. Since OCPs have a longer 
main chain than PMAs, the volume occupied by one OCP molecule is higher and 
consequently is more subject to distortion. 
 
In addition to investigations regarding linear polymers, more complex structures have 
also been intensively studied. It has been found that star polymers exhibit very high 
shear stability properties. This is due to their configuration, with no single, very long 
linear chains. Consequently very high shear stresses are required to break the short 
linear polymer chains [61-63].  
 
To evaluate the permanent loss in viscosity (PVL), several experimental tests have 
been developed. A typical technique consists of passing the sample into a high shear 
nozzle device at 100°C [64, 65]. One of the most frequent tests is called the 30 cycles 
Kurt Orbahn shear stability bench test. A European diesel injector nozzle is used as a 
shear device, in which the applied shear rate is evaluated to be around 106s-1. To 
obtain the permanent viscosity loss, the low shear viscosity of the polymer-containing 
oil being tested is measured before and after being sheared.  
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PVL can be calculated in terms of percentage as follow: 
 
(Eq 4. 27)                          %100. ×−=
⋅
⋅
oilFresh
oilShearedoilFreshPVL
η
ηη
 
 
 oilFresh.η  - Viscosity of fresh oil evaluated at low shear rate 
 oilSheared .η  - Viscosity of sheared oil evaluated at low shear rate 
 
In the literature, the permanent shear stability is also described by a Permanent Shear 
Stability Index (PSSI), referring to the viscosity of the base oil η0: 
 
(Eq 4.28)                        %100
0
. ×
−
−
=
⋅
⋅
ηη
ηη
oilFresh
oilShearedoilFreshPSSI  
 
Alexander et al. [66] analysed a series of polymer solutions using different shear 
devices. The evaluation of the permanent viscosity loss showed variations depending 
on the shear stability test and on the duration of the procedure. Thus the method 
employed to evaluate the permanent loss in viscosity needs to be well understood 
before analysing any result.  
 
4.4.3. Relationship between temporary and permanent shear 
thinning 
 
Figure 4.9 shows typical shear thinning behaviour of VII solutions. At low shear rate, 
the viscosity remains stable. This stage is named the first Newtonian plateau. As the 
shear rate increases, the polymer chains start to be stretched and shear thinning 
begins. Up to a certain shear rate, only temporary viscosity loss occurs. Above that 
limit, typically approximately 106 s-1, polymer chains start to be permanently 
degraded. At very high shear rates a second Newtonian plateau is reached. In this 
region, the viscosity stabilises at a minimum value. Also seen in Figure 4.9, because 
of the permanent degradation of polymer molecules occurring under severe 
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conditions, the viscosity of a used oil at a given shear rate is lower than the viscosity 
of a fresh oil containing polymer.  
 
 
Ovenall et al [67] and Mostafa [68] observed the irreversible degradation of polymers 
by ultrasonic waves. They both assumed that there is a limiting size of polymer chain 
below which a molecule cannot be broken.  
 
Several studies have tried to establish some relationship between temporary and 
permanent shear thinning by analysing polymer solution behaviour in running engines 
[69, 70]. Alexander et al. [71] also tried to find a direct relation between these two 
indexes. The shear stability was analysed for 43 solutions and the viscosity was 
measured at 100 and 150°C using a high shear rate capillary viscometer. Fresh 
samples were permanently damaged using a fuel injector apparatus. However no 
useful relationship was found between temporary and permanent viscosity loss. 
 
 
 
Figure 4.9: Typical flow curves  
Chapter 4 – Polymers in Lubricants 
 
 51 
4.4.4 Rheological models for non-Newtonian fluids 
 
Several different equations have been developed in order to describe the pseudoplastic 
behaviour of polymer blends. The shear thinning effect can be most simply modelled 
by "the power law equation": 
 
(Eq 4.29)                                             1−= nkγτ &  
 
 Constants, n and k with n < 1 
 
However this does not capture the second Newtonian behaviour seen in Figure 4.9. 
More complex equations have been suggested to illustrate the viscosity behaviour of 
multigrade oils over a wide range of shear rates [72-74]. 
 
(Eq 4.30)     Cross equation:  
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(Eq 4.31)     Carreau equation: 
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(Eq 4.32)     Carreau Yasuda equation: 
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 ShearedLow.η  - Viscosity of the blend at low shear rate (first Newtonian)  
 
∞
η  - Infinite shear viscosity of the blend. (Should be second Newtonian but 
usually 
∞
η is given the base oil value). 
 A - Relaxation time 
 m, n and a - Constants  
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The Carreau Yasuda equation is the most complete model since three sets of 
parameters are required. The relaxation time A, expressed in seconds, refers to the 
shear rate around which power-law transition takes place. The parameter a defines the 
curvature between the 1st Newtonian plateau and the shear thinning. The higher the 
value, the sharper the transition. The parameter n is called the power-law index, where 
(n-1) corresponds to the slope of the shear thinning region. 
 
4.5 Viscoelasticity 
 
As explained in the previous sections, a large number of criteria such as temperature, 
shear stress and VII properties influence the rheological analyses of a polymeric 
solution. The ability of a polymer to be viscoelastic complicates even more these 
studies. Viscoelasticity defines the capacity of a material to exhibit the properties of 
both elastic solids and viscous liquids. 
 
This section briefly overviews this specific behaviour and describes two main models 
used to analyse, in a simple fashion, viscoelasticity. 
 
Elastic solids often follow Hooke’s law. The applied stress is considered to be strictly 
proportional to strain without any time dependency. In the case of viscous liquids, 
Newton’s law is applied. The stress is time-strain dependent and is believed to be 
directly proportional to strain rate.  
 
These two laws reveal good agreement with experimental analyses in the case of 
extremely small strain or small strain rate respectively. However, if higher strain or 
strain rate are applied, Hooke’s and Newton’s assumptions are no longer adequate. 
For elastic solids, stress-strain relation is more complex and cannot be reduced to a 
proportional factor. In case of viscous liquids, fluids show fluctuations from Newton’s 
law. Under stress, viscoelastic materials are dependent on strain and also on strain 
rate. 
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If a force is applied, polymers are subjected to deformation. When the stress is 
removed, viscoelastic materials recover totally or partially, depending on several 
parameters. To determine the viscoelastic response, several models have been 
developed. 
 
The Maxwell model shown in Figure 4.10 is composed of a dashpot and a spring 
connected in series, which respectively represent the material viscosity and its elastic 
behaviour [75]. In more detail, as soon as a force is applied, the spring absorbs the 
deformation. It relaxes immediately and returns to its initial configuration when the 
stress is released and so exhibits an elastic response. If the force is loaded within or 
for a sufficiently long duration, then the dashpot starts to be affected. When the stress 
is removed, the piston stays in the same position. 
 
 
Figure 4.10: Maxwell model 
 
The model is governed by the following equations: 
For the spring:           (Eq 4.33)     SS Eεσ =  
For the dashpot:        (Eq 4.34)     
dt
d D
D
εησ =  
For a series system:   (Eq 4.35)     DSTotal εεε +=  and (Eq 4.36) DSTotal σσσ ==  
Thus it becomes         (Eq 4.37)
dt
d
dt
d
E
ε
η
σσ
=+
1
 
 
 η  - Viscosity  
 E - Elastic modulus 
 σ  - Stress 
 ε  - Strain 
 t - Time 
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Like the Maxwell model, the Kelvin or Voigt model illustrates viscoelastic material 
behaviour. The model is constituted by a dashpot and a spring in parallel, as seen in 
Figure 4.11. Contrary to Maxwell model, under stress the two components, the 
dashpot and the spring, are deformed simultaneously. As the stress is removed, the 
system tends to return to its initial shape. However there is a time dependency which 
is controlled by the dashpot. This model is defined by the following equations: 
 
(Eq 4.38)                               DSTotal εεε ==  
(Eq 4.39)                               DSTotal σσσ +=                       
(Eq 4.40)                              
dt
td
tEt )()()( εηεσ +=                                         
 
 
Figure 4.11: Kelvin-Voigt model 
 
The time dependency is an important characteristic for viscoelastic materials. 
Maxwell defined the time for the energy absorbed by the spring to be transferred to 
the dashpot and finally be dissipated and this is commonly called “relaxation time”. 
Some papers have suggested that viscoelastic effects of lubricants are not measurable 
because of their low relaxation times [76]. However Williamson et al. [77] analysed 
the viscoelastic properties of multigrade oil and their effect on journal bearing 
characteristics. They showed experimental results which indicate that the viscoelastic 
effect of lubricants can be measured.  
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4.6 Polymer solution behaviour in Elastohydrodynamic regime 
 
Additionally to their effect on the rheological properties of the base stocks, there are 
other ways that VII solutions might influence friction in a tribological contact. 
 
This section focuses on polymer behaviour in the elastohydrodynamic regime. 
 
4.6.1 Polymer blockage hypothesis 
 
Yoshida et al. [78] analysed the performance of permanently-degraded mineral base 
oils containing polymethacrylates and compared them with fresh solutions. Film 
thickness measurements were made in concentrated contact under pure rolling 
conditions. Surprisingly, used samples showed an increase in film thickness compared 
to the non-degraded oils. It was concluded that large polymer molecules might not 
easily enter in the contact and would probably accumulate around the inlet zone 
whereas the degraded, shorter chains might pass through the inlet.  
 
This inlet-blockage hypothesis was reinforced by wear tests performed by Yoshida 
[79-83] on valve trains. The impact on wear of pure base stocks was compared with 
that of PMA solutions. Base mineral oils containing polymers showed more wear than 
the polymer-free base fluids. This increase in wear was explained by the hypothetic 
important agglomeration of large polymer molecules around the contact which would 
cause starvation and thus result in a protective film thinner than the base oil film. 
 
The polymer molecule blockage theory is controversial since no definite proof has 
been produced. Cann et al. [84] analysed some PMA solutions using infra-red 
absorption spectroscopy. The results showed some orientation of polymer molecules 
in the inlet region under pure sliding conditions. The development of ultra-thin film 
interferometry technique allowed measurement of films at the nanometer scale and 
film thickness measurements confirmed the passage of some polymer molecules in the 
inlet zone. The film thickness measurement technique is explained in more detail in 
section 9 [38]. 
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4.6.2 Boundary film formation 
 
In the 1990s, the film thickness of polyisoprenes dissolved in hydrocarbon solvents 
was measured in a rolling, ball-on disc concentrated contact using ultrathin film 
interferometry [85, 86]. These studies revealed that a thick boundary film was present 
on polar surfaces in low rolling speed conditions resulting in a thicker than expected 
film thickness under these conditions. In 1996, Smeeth et al. [3, 4, 55] extended this 
research by analysing film thickness of a wide range of commercial VIIs in rolling 
concentrated contact using optical interferometry technique. Polymers containing 
polar groups were found to form thick boundary films of up to 30 nm on polar 
surfaces. In particular blends containing a dispersant olefin copolymer showed a 
remarkable ability to adsorb on surfaces and increase film thickness. The film 
persisted even to high temperatures, up to 150°C.  
 
Smeeth et al. [4] proposed the mechanism schematised in Figure 4.12 to explain the 
formation of adsorbed, viscous layers on rubbing surfaces. 
 
 
Figure 4.12: Boundary film forming mechanism 
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This boundary film-forming mechanism suggests that polymer adsorption forms a 
viscous-like layer on the two moving surfaces. At high entrainment speed, this layer 
thickness is small compared to the bulk elastohydrodynamic film thickness. As a 
result, the protective film has a very little impact of the overall film thickness. As the 
speed decreases, however, the contact inlet is progressively filled with adsorbed 
polymer. Polymer molecules start to overlap and lead to a very concentrated solution 
in the inlet area. The protective film formed by polymer molecules could explain the 
drop in friction observed in some multigrade engine oils containing VIIs. 
 
More recently, Müller et al. [87] and Fan et al. [5] focused on the film thickness and 
friction behaviour of some functionalised polymethacrylate viscosity index improvers. 
Their analyses confirmed the formation of a thick film in low speed conditions for 
some VIIs. They showed that the adsorption of polymer molecules was favoured by 
two important parameters. First the presence of functionalised group optimises the 
polymer adsorption on polar surfaces. Secondly, in case of copolymers, functionalised 
block copolymers form thicker films on surfaces than statistical copolymers. As seen 
in Figure 4.13, block copolymers can create strong bonds between the functionalised 
blocks and the surface. On the contrary, randomly distributed units are weakly bound 
to the surface, resulting in easy desorption. 
 
 
Figure 4.13: Adsorption behaviour of copolymers 
Strong bond 
Weak bond 
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Fan et al. [5] revealed that the formation of a protective boundary film has a 
beneficial impact on friction. It was found that a thick, polymer boundary film greatly 
reduces friction in medium and slow entrainment speed. The impact of concentration 
was also analysed. Interestingly, morpholinylethyl methacrylate studies reveal quasi-
similar friction reduction at a concentration of 17% wt and 1% wt. Even at very low 
concentrations, some viscosity index improvers are still effective in reducing friction.  
 
4.7 Summary 
 
From the literature reviewed in this chapter, the complexity of the rheological 
behaviour of polymeric solutions is evident. The viscosity and the shear stability 
depend on a large number of variables, including polymer properties as well as 
temperature and shear stress. When analysing a polymer solution and its impact on 
engine performance, it appears essential to evaluate both the temporary and the 
permanent shear thinning behaviour. 
 
Based on the literature, it is also clear that some VIIs show strong ability to 
significantly reduce hydrodynamic friction. However the influence of viscosity 
modifiers on friction remains unclear. Some research ascribed this impact to a 
viscoelastic effect. This hypothesis has, however, never been proven and remains 
highly controversial. Other studies revealed the formation of boundary lubricating 
films. The presence of a thick polymer layer protects the surface from friction. A last 
means by which dissolved polymers may reduce friction is related to temporary shear 
thinning. However there appears to be almost no published, quantitative study about 
the relationship between polymer shear thinning and hydrodynamic friction.  
 
This project will try to clarify the role of shear thinning in reducing hydrodynamic 
friction. For this purpose, in the following chapters of this thesis, the rheological 
properties of VII solutions containing very well-defined polymers will be analysed 
and then compared with some friction results and film thickness measurements in a 
compliant contact. 
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Chapter 5: 
 
 
MATERIALS 
 
 
 
In this chapter, the chemical structure, the molecular weight and the estimated 
molecular weight distributions of the studied polymers are described. Low shear rate 
viscometric properties are then presented and analysed to explore finally polymer-
solvent interactions. 
 
5.1. Introduction 
 
The large number of parameters influencing the rheological behaviour of polymer 
solutions tends to complicate the analysis of multigrade oil performance.  
 
To reduce the number of variables, well-defined polymers with very narrow 
molecular weight distribution were selected. 
 
This chapter describes the various properties of the chosen polymers and explores 
their characteristics in solution. This chapter includes study of the enhancement 
ability of VIIs and polymer-solvent interactions.  
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5.2. Polymer properties 
5.2.1 Studied polymers 
 
For this study, polystyrene (PS) and polyisoprene (PIP) were chosen. These 
commercially-purchasable polymers are normally used for calibration purposes in gel 
permeation chromatography. They were available with different molecular weights. 
 
Their structures are shown in Figure 5.1 and Figure 5.2. Polyisoprene is composed of 
80% of cis-1,4 polyisoprene, 15% of trans-1,4 polymer and 5% of 3,4 configuration. 
 
 
-CH2CH(C6H5))n- 
 
Figure 5.1: Polystyrene (PS) 
 
 
-(CH2-C(CH3)=CH-CH2)n- 
 
 
 
Trans – 1, 4 (80%) Cis – 1, 4 (15%) 3, 4 (5%) 
Figure 5.2: Polyisoprene (PIP) 
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Additionally to these well-defined polymers, to approach industrial conditions, two 
commercial VIIs were investigated. This includes a hydrogenated polystyrene 
isoprene polymer commercially called SV 150 and a hydrogenated star isoprene-
styrene copolymer commercially named SV 260. The permanent shear stability of 
these additives was investigated. All the details regarding this study are given in 
Chapter 10. 
 
5.2.2. Molecular weight and Molecular Weight Distribution MWD 
 
In total, four polystyrenes and five polyisoprenes were analysed. They all have a 
polydispersity index close to unity. Their molecular weights vary from approximately, 
5 000 g/mol to 150 000 g/mol. Their properties are summarized in Table 1 below.  
Table 5.1: Polymer properties 
 
Polymer type 
 
Polymer name Mw (g/mol) Polydispersity Index Ip Mn (g/mol) 
PS 5,000 5,090 1.03 4 942 
PS 20,000 19,620 1.02 19 235 
PS 50,000 48,870 1.03 47 447 Polystyrene
a 
PS 100,000 90,250 1.02 88 480 
PIP 10,000 10,000 1.06 9 434 
PIP 24,500 24,500 1.04 23 558 
PIP 53,000 53,000 1.06 50 000 
PIP 121,300 121,300 1.11 109 300 
 
 
Polyisopreneb 
PIP 145,000 145,000 1.07 135 514 
a Data from Varian – Polymer Laboratories; b Data from Polymer Source 
 
Various different functions have been developed to describe molecular weight 
distributions of polymers (MWD). One of the most common expressions is the 
Gaussian MWD, also named the “Log-normal law”. This MWD is defined by 
equation (Eq 5.1) below. 
(Eq 5.1)                              ( )





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
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MW  
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n
w
p M
M
I  (Eq 5.2) 
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The Gaussian distribution describes the weight fraction as a function of molecular 
weight. Calculated PS and PIP molecular weight distributions are plotted respectively 
in Figure 5.3 and Figure 5.4.  
 
 
 
Molecular Weight Distribution for polystyrene polymers
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Figure 5.3: Molecular Weight Distribution of polystyrene 
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Figure 5.4: Molecular Weight Distribution of polyisoprene 
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All the blends reveal a very narrow distribution as expected from their low 
polydispersity indices. This specificity makes it possible to distinguish the impact of 
molecular weight from the effect of polymer concentration on the rheological 
properties of VII solutions. 
 
5.3. Polymer in solution characteristics 
5.3.1 Base oils  
 
Polystyrene is not soluble in conventional hydrocarbons. For that reason, both 
polymers, polystyrene and polyisoprene, were dissolved in an aromatic ester base 
fluid, di-2-ethylhexylphthalate, denoted DOP in this thesis. The main characteristics 
of this liquid are listed below: 
 Chemical formula: C6H4-1,2-COOR with R=2-ethylhexyl  
 Molecular weight: Mw = 390.56 g/mol 
 Chemical structure: 
 
 
Figure 5.5: Di-2-ethylhexylphthalate (DOP) 
 
Polyisoprene polymer was also dissolved in a more conventional base fluid to 
approach industrial conditions. A synthetic group III base oil was chosen. Its 
manufacturing name is YUBASE 4. The number 4 stands for the kinematic viscosity 
at 100°C, which is close to 4 cSt. This fluid typically contains about 40% 
cycloparaffins and 60% isoparaffins. This base stock is denoted BO in this thesis.  
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To sum up, for this project, three model polymer-base systems were analysed: 
 Polystyrene dissolved in di-2-ethylhexylphtalate, PS/DOP 
 Polyisoprene dissolved in di-2-ethylhexylphtalate, PIP/DOP 
 Polyisoprene dissolved in YUBASE 4, PIP/BO 
 
5.3.2 Viscosity measurements  
 
The viscosity at low shear rate and the viscosity index (VI) of each solution were 
measured using the Anton Paar SVM 3000 viscometer. This equipment contains a 
tube filled with the sample. The tube holds a rotor with a built-in magnet. The magnet 
acts like a brake. The shear in the solution is caused by the rotations of the tube itself 
and the rotor. Depending on the viscosity of the sample, this device creates a shear 
rate varying between 1 and 1000 s-1. For this study, at 100°C, the shear rate lay 
between approximately 100 and 500 s-1. 
 
Additionally to the low shear study described in this chapter, high shear rate dynamic 
viscosity at 100°C was also evaluated using the ultra high shear viscometer (USV) 
from PCS instruments. This will be described in the next chapter. The concentrations 
of the various molecular weight polymers used in the current chapter were chosen 
based on USV measurements to provide similar values high shear rate viscosities at a 
shear rate of 107 s-1. 
 
Table 5.2, Table 5.3 and Table 5.4 below summarise some polymer solution 
characteristics for the three systems. These include the pure polymer concentration, 
the viscosity index, the low shear dynamic viscosities at 40 and 100°C, and the high 
shear rate dynamic viscosity measured at 100°C 107 s-1 using the USV. 
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System Solution 
C 
(% wt) 
VI 
OilShearLow ..η  
40°C 
(mPa.s) 
OilShearLow ..η  
100°C 
(mPa.s) 
OilShearHigh ..η  
100°C 
(mPa.s) 
DOP … 18 26.2 3.9 3.8 
PS 5 000 10 78 67.2 7.4 6.8 
PS 20 000 8 98 82.2 9.3 7.4 
PS 50 000 6 114 92 10.8 7.4 
PS/DOP 
PS 100000 5 128 100 12.3 5.9 
Table 5.2: Characteristics of polystyrene solutions 
 
System Solution 
C 
(% wt) 
VI 
OilShearLow ..η  
40°C 
(mPa.s) 
OilShearLow ..η  
100°C 
(mPa.s) 
OilShearHigh ..η  
100°C 
(mPa.s) 
DOP … 18 26.2 3.9 3.8 
PIP10000 9 131 56.8 8.3 7.0 
PIP24500 6 147 68.9 10.2 6.9 
PIP53000 5 148 75.6 11.1 7.2 
PIP/DOP 
PIP121300 3.25 171 80.9 12.8 6.6 
Table 5.3: Characteristics of polyisoprene solutions in DOP 
 
System Solution 
C 
(% wt) 
VI 
OilShearLow ..η  
40°C 
(mPa.s) 
OilShearLow ..η  
100°C 
(mPa.s) 
OilShearHigh ..η  
100°C 
(mPa.s) 
BO … 129 16.1 3.3 3.3 
PIP10000 10 145 34.0 6.5 5.8 
PIP24500 8 193 44.6 8.5 6.3 
PIP53000 5.5 218 58.5 11.4 6.5 
PIP/BO 
PIP145000 4 230 70.9 14.4 6.0 
Table 5.4: Characteristics of polyisoprene solutions in BO 
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As seen in the tables above, VI is significantly higher for polymer solutions compared 
to the solvent which means that in the presence of polymers, the influence of 
temperature on fluid viscosity is reduced. The impact of molecular weight on 
viscosity index is also evident. The higher the molecular weight, the higher VI. 
 
5.3.3 Viscosity enhancement ability 
 
To estimate the viscosity enhancing ability of polystyrene and polyisoprene VIIs, the 
intrinsic and the reduced viscosities were evaluated. 
 
5.3.3.1 Intrinsic viscosity 
 
The intrinsic viscosity was estimated at 60 and 100°C as described in section 4.2.2. 
Figure 5.6 and Figure 5.7 show the example of PIP 10,000 in DOP at both 
temperatures. The measurements were made at concentrations below 10 g/dl. Above 
that value, the curves become highly non-linear. 
 
 
 
 
Figure 5.6: Intrinsic viscosity of PIP 10,000 in DOP at 60°C 
PIP 10000 in DOP
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0 1 2 3 4 5 6 7 8 9 10
C (g/dl)
η
sp
/C
 
ln
(η
re
l)/C C
relative)ln(η
C
specificη
[η]PIP10000/DOP = 0.0945 dL/g
Kraemer equation 
C
sp
( )relη
 
Huggins equation 
.0945dl/  
Chapter 5 – Materials 
 
 67 
 
 
Figure 5.7: Intrinsic viscosity of PIP 10,000 in DOP at 100°C 
 
The experimental evaluation of the intrinsic viscosities for all the studied solutions is 
included in Appendix B. The table below sums up the results 
 
 
System Mw (g/mol) [η] at 60°C (dl/g) 
[η] at 100°C 
(dl/g) 
5,090 0.053 0.050 
19,620 0.095 0.091 
48,870 0.191 0.185 
PS/DOP 
90,250 0.239 0.245 
10,000 0.095 0.100 
24,500 0.180 0.189 
53,000 0.272 0.296 PIP/DOP 
121,300 0.405 0.440 
10,000 0.100 0.110 
24,500 0.165 0.233 
53,000 0.291 0.335 PIP/BO 
145,000 0.409 0.550 
Table 5.5: Intrinsic viscosity of all polymer solutions at 60 and 100°C 
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5.3.3.2 Reduced viscosity 
 
The dynamic viscosity at low shear rate was measured over a temperature range 
between 20 and 100°C. All the measured values can be found in Appendix A. 
 
These measurements were necessary to calculate the reduced viscosity as described in 
equation (Eq 4.9). The reduced viscosity was plotted as a function of temperature for 
the three systems PIP/DOP, PIP/BO and PS/DOP. The curves are shown in Figure 
5.8, Figure 5.9 and Figure 5.10. 
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Figure 5.8: Influence of temperature on reduced viscosity of PIP/DOP blends 
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Influence of temperature on reduced viscosity
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Figure 5.9: Influence of temperature on reduced viscosity of PIP/DOP blends 
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Figure 5.10: Influence of temperature on reduced viscosity of PS/DOP blends 
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In addition to the effect of molecular weight, the impact of concentration on reduced 
viscosity was also measured. Polystyrene with the highest molecular weight was 
dissolved in DOP at three different concentrations, 1, 3 and 5% by weight. The results 
are shown in Figure 5.11.  
 
Influence of concentration on reduced viscosity 
PS 100 000
0.0
0.2
0.4
0.6
0.8
1.0
0 20 40 60 80 100 120
Temperature (°C)
R
ed
u
ce
d 
v
is
co
si
ty
 
(d
l/g
)
5%
3%
1%
 
Figure 5.11: Influence of concentration on reduced viscosity of PS 100,000 
blends 
 
5.3.3.3 Discussion 
 
Intrinsic and reduced viscosities are good indicators of the viscosity enhancing 
“power” of a VII. The results shown in this section clearly reveal the impact of 
molecular weight and polymer concentration on the rheological behaviour of the 
blends. 
 
The intrinsic viscosity values and the reduced viscosity curves shown in Figure 5.8, 
Figure 5.9 and Figure 5.10, confirm that high molecular weight polymers significantly 
enhance the base fluid viscosity compared to low molecular weight solutions.  
 
Figure 5.11 shows evidence of the impact of polymer concentration on the viscosity 
enhancement. The higher the concentration, the higher the reduced viscosity. 
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Interestingly, the reduced viscosity plots show two different behaviours over the 
studied range of temperature depending on the type of polymer.  
 
In both solvents, solutions containing polyisoprene reveal a quasi-constant reduced 
viscosity, whereas polystyrene blends show a significant decrease in reduced viscosity 
with a rise in temperature. In Figure 5.11, it is also noticeable that as the polymer 
concentration increases, the reduced viscosity decreases more sharply with a rise in 
temperature. Due to the complexity of the mechanism involved in the thickening 
process, the origins of these behaviours remain unclear.  
 
More investigations regarding polymer-solvent interaction could help to clarify the 
rheological impact of polymer on viscosity. Knowing the intrinsic and reduced 
viscosities is not sufficient. 
 
5.3.4 Polymer- solvent interactions 
 
This section explores polymer-solvent interactions. Mark-Houwink-Sakurada 
parameters were determined for each system. The Stockmayer and Fixman model was 
applied. Finally the hydrodynamic volume of each polymer and the critical 
concentration was evaluated. 
 
5.3.4.1 Determination of Mark-Houwink parameters 
 
Based on the intrinsic viscosities evaluated at 100°C, Mark-Houwink-Sakurada, 
parameters a and K were determined by plotting log[η] versus log(Mw) for each 
system, as defined in equation (Eq 4.16). The three curves appear in Figure 5.12 and 
the constants are given in Table 5.6. 
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System K (dL/g) a 
PS/DOP 3.7E-4 0.5684 
PIP/DOP 4.4E-4 0.5936 
PIP/BO 5.3E-4 0.5895 
Table 5.6: Mark-Houwink-Sakurada parameters at 100ºC 
 
For each polymer-solvent system, the constant a is higher than 0.5. It can be 
concluded that polystyrene and polyisoprene chains act like flexible random coils in 
DOP and BO. The base fluids are both considered as “good” solvent.  
 
Comparing PIP/DOP and PIP/BO systems, the parameters a and K appear to have 
similar values.  
 
Brandrup et al. [50] reported Mark-Houwink parameter for polystyrene polymers  
dissolved in DOP at 22°C. They analysed polymer with a molecular weight in the 
range 40x104 < Mw < 160x104. They found: 
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Figure 5.12: Determination of Mark-Houwink-Sakurada parameters 
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The slight difference observed in the value of the constant a might be explained by the 
fact that Brandrup et al. [50] studied high molecular weights compared to the 
relatively low molecular weight polystyrene additives used in this study. It also has to 
be taken in consideration that Brandrup et al. [50] did the measurements at 22°C 
while the current viscosity analyses were done at 100°C. 
 
5.3.4.2 Stockmayer and Fixman model 
 
The Stockmayer and Fixman [88] model was applied to the three systems. As the 
polydispersity index of all the studied polymers is close to 1, M was considered to be 
equal to the weight average molecular weight Mw. Therefore, as described in equation 
(Eq 4.26), 2/1
][
WM
η
was plotted as a function of 2/1WM . 
For the three systems, the Stockmayer-Fixamn curves are shown in Figure 5.13. 
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Figure 5.13: Determination of Kθ and coefficient B using Stockmayer-Fixman 
model 
 
From the plots above, the constants Kθ and B were determined. The results are listed 
in Table 5.7 below. 
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System Kθ (10-3) B (10-28. dl.mol2.g-2) 
PS/DOP 0.63 4.27 
PIP/DOP 0.97 7.52 
PIP/BO 1.43 9.85 
Table 5.7: Stockmayer-Fixman parameters at 100ºC 
 
The Flory-Fox model as defined in equation (Eq 4.23) was applied. The constant 
ratio
2
1
2
0





 ><
M
r
 and the mean square end-to-end distance 2120 >< r  were then 
deduced. The results are listed in Table 5.8.  
 
System Mw (g/mol) ( )2120 Mr ><   x104                   
(nm.g-1/2.mol1/2) 
212
0 >< r  (nm) 
5,090 605 4.3 
19,620 605 8.5 
48,870 605 13.4 PS/DOP 
90,250 605 18.2 
10,000 696 7.0 
24,500 696 10.9 
53,000 696 16.0 PIP/DOP 
121,300 696 24.2 
10,000 793 7.9 
24,500 793 12.4 
53,000 793 18.3 PIP/BO 
145,000 793 30.2 
Table 5.8: Evaluation of the constant ratio ( )2120 Mr ><  of PS and PIP at 100°C 
 
In 1975, Brandrup and Immergut [50] evaluated the ratio 
2
1
2
0





 ><
M
r in the case of 
polystyrene dissolved in DOP at low temperature and for polyisoprene dissolved in 
cyclohexane and dioxane at 35°C. The data revealed in Table 5.9 are compared with 
the current values. 
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System ( )2120 Mr ><   x104 (nm.g-1/2.mol1/2) 
PS in DOP at 12-22°C  665 +/- 5 
PIP in cyclohexane, dioxane at 35°C 766 
Table 5.9: Constant ratio ( )2120 Mr ><  from Brandrup et al. [50] 
 
The values calculated in this study are in the same range as the data found by 
Brandrup and Immergut [50], varying from 605 to 665 for polystyrene and from 696 
to 766 for polyisoprene in DOP. The variations are probably mainly caused by the 
difference in the test temperature.  
 
The unperturbed mean square end-to-end distance shown in Table 5.8 increases 
significantly with molecular weight. High molecular weight polymer have longer 
chains than low molecular weight polymers. 
 
5.3.4.3 Hydrodynamic volume evaluation 
 
The theoretical hydrodynamic volume was estimated for each polymer as described in 
equation (Eq 4.19). From these evaluations and considering that polymers are hard 
spheres, the hydrodynamic radius was then deduced. The results are summed up in 
Table 5.10 below. 
System Mw (g/mol) Vh (nm3) Rh (nm) 
5,090 0.2 0.3 
19,620 1.3 0.7 
48,870 5.6 1.1 PS/DOP 
90,250 14.7 1.5 
10,000 0.7 0.6 
24,500 3.1 0.9 
53,000 9.4 1.3 PIP/DOP 
121,300 44.9 2.2 
10,000 0.8 0.6 
24,500 3.6 1.0 
53,000 11.1 1.4 PIP/BO 
145,000 50.9 2.3 
Table 5.10: Hydrodynamic volume and hydrodynamic radius
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Figure 5.14 shows the hydrodynamic volume as a function of molecular weight for 
the three studied systems. 
 
Hydrodynamic volume versus molecular weight
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Figure 5.14: Hydrodynamic volume as a function of molecular weight for the 
three systems evaluated at 100°C 
 
Since high molecular weight polymers have longer chains than low molecular weight 
ones, their coils occupy a larger volume. Consequently the hydrodynamic volume 
significantly rises with molecular weight. As seen in Figure 5.14, the hydrodynamic 
volume evaluated for polyisoprenes in DOP and in BO show similar values. 
Polyisoprene polymer reveals identical behaviour in both solvents. 
 
5.3.4.4 Critical concentration 
 
The intrinsic viscosity was re-evaluated using Mark-Houwink-Sakurada parameters 
from Table 5.6. The data are summarized in Table 5.11.  
 
Using the simple model defined by [ ]η1* =C , critical concentration was calculated 
for all the studied blends. To validate this equation, the critical concentration was 
experimentally evaluated for PS 100,000 solution. The measured dynamic viscosity 
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was plotted as a function of pure polymer concentration. As shown in Figure 5.15, the 
dynamic viscosity curve reveals one crossover point corresponding to the critical 
concentration. PS 100,000 blend has a critical concentration of 4.30% by weight. 
According to the theoretical model, *C  is 4.4% wt.  
Very good agreement is found between the experimental data and the theoretical 
calculation based on the intrinsic viscosity. Consequently, the critical concentration 
was calculated for all the studied polymer solutions. The results are listed in the table 
below. 
System Mw (g/mol) 
[η] 
(dl/g) 
Density 
(g.dl) 
C* 
(g.dl) 
C*  
(% by wt) 
5,090 0.048 0.933 21.0 22.5 
19,620 0.103 0.932 9.7 10.2 
48,870 0.173 0.930 5.8 6.2 PS/DOP 
90,250 0.245 0.929 4.1 4.4 
10,000 0.106 0.920 9.4 10.2 
24,500 0.187 0.919 5.3 5.8 
53,000 0.286 0.920 3.5 3.8 PIP/DOP 
121,300 0.467 0.922 2.1 2.3 
10,000 0.154 0.788 6.5 10.4 
24,500 0.271 0.785 4.8 6.1 
53,000 0.413 0.784 3.2 4.1 PIP/BO 
145,000 0.747 0.784 1.8 2.3 
Table 5.11: Evaluation of the critical concentration at 100°C 
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Figure 5.15: Evaluation of critical concentration of PS 100,000 in DOP 
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Table 5.12 compares the critical concentration with polymer concentrations used for 
this study. This suggests that some of the solution analysed in this project are in semi-
dilute regime (outlined in orange in the table below), while the remainder are in the 
dilute polymer regime. 
 
Mw 
(g/mol) 
Critical 
concentration  
(% by weight) 
Polymer 
concentration  
(% by weight)  
5,090 22.5 10 
19,620 10.2 8 
48,870 6.2 6 
PS/DOP 
90,250 4.4 5 
10,000 10.2 9 
26,000 5.8 6 
53,000 3.8 5 
PIP/DOP 
121,300 2.3 3.25 
10,000 10.4 10 
26,000 6.1 8 
53,000 4.1 5.5 
PIP/BO 
145,000 2.3 4 
Table 5.12: Regime of each polymer solution 
 
These results will be correlated with rheological investigations made in Chapter 6. 
 
5.4 Summary 
 
In order to clarify the impact of polymer molecules on hydrodynamic friction, very 
well-defined polymers were selected for this project. As explained in this chapter, 
instead of commercial Viscosity Index Improvers, polystyrene and polyisoprene were 
preferred since they were available with different molecular weights and a 
polydispersity index close to unity. 
 
Polystyrene is not soluble in conventional hydrocarbons. Consequently DOP was 
chosen as the main base fluid. Polyisoprene was dissolved in DOP and also in a base 
oil group III to approach real conditions. Rheological analyses regarding polymer-
solvent interactions revealed that polyisoprene behaved similarly in DOP and in BO. 
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For this purpose, and based on polymer cost, only DOP will be used as solvent for 
both polymers for the rest of the project. 
 
Polymer-solvent interactions were studied. Mark-Houwink-Sakurada parameters 
indicated that DOP can be classified as a good solvent for both polymers. 
Accordingly, polymer chains have the configuration of flexible random coils. Also the 
hydrodynamic volume was determined based on Flory-Fox model. It was found that, 
as anticipated, the hydrodynamic volume increases with molecular weight. Finally the 
regime of polymer in solution was evaluated for each polymer solution by calculating 
the critical concentration. Low molecular weight polymer stays in the dilute regime. 
However, in the case of medium and high molecular weight molecules, the 
concentration is close or slightly higher than the critical concentration so they enter in 
the semi-dilute regime.  
 
The different characteristics of polymer in solution explored in this chapter will be 
used later when discussing shear thinning effect and the impact of this on 
hydrodynamic friction. 
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Chapter 6: 
 
 
RHEOLOGICAL BEHAVIOUR OF POLYMER 
SOLUTIONS 
 
 
 
In this chapter, the rheological behaviour of polystyrene and polyisoprene solutions is 
examined. The viscosity-shear rate dependence is analysed and discussed. Then the 
permanent and temporary viscosity losses of the polymer blends are investigated and 
finally the impact of polymer properties is examined 
 
 
6.1 Introduction  
 
The role of polymer shear thinning on hydrodynamic friction remains unclear. One 
factor that may have contributed to this lack of understanding is that it has not been 
possible, until very recently, to measure lubricant viscosities at shear rates greater 
than 106 s-1. 
 
For this project, several instruments were used to fully describe the rheological 
behaviour of polymer solutions. These include a rheometer to study the viscosity 
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properties at low shear rate and an Ultra-high Shear rate Viscometer (USV) to 
measure the dynamic viscosity up to a maximum shear rate of 107 s-1.  
 
A simple method was also developed to determine the permanent viscosity loss of 
each solution using the USV. 
 
The aim of the work carried in this chapter is therefore: 
 to determine the dynamic viscosity of polymer solutions over a wide range 
of shear rate to obtain complete flow curves 
 to quantify the temporary and permanent viscosity loss of polymer 
solutions 
 to clarify the impact of polymer properties on the rheological behaviour of 
VII blends 
 
6.2 Study of viscosity-shear rate dependence 
 
This section focuses on the influence of shear rate on polymer solution viscosity. 
The study consists first of measuring the dynamic viscosity of each sample at different 
shear rate. Then the Carreau-Yasuda model is fitted to the experimental data and 
finally the results are discussed. 
 
6.2.1 Test method 
6.2.1.1 Viscosity measurements at low shear rate 
 
An AR2000ex Rheometer from TA Instrument, West Sussex, UK, was used to 
perform the viscosity measurements of polymer solutions at low shear rate. A 
schematic diagram of the shear geometry of this appears in Figure 6.1. 
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Figure 6.1: Fluid sheared between two parallel plates 
 
The test consists of shearing the fluid between two parallel plates. The bottom plate 
remains static. The shear stresses are caused by the rotation of the upper parallel plate. 
Depending on the test conditions, the shear rate can vary between 0.1 and 
approximately 5.104 s-1. A top plate with a diameter of 25 mm was found to give the 
most accurate results.  
 
The temperature is controlled by the bottom plate. Due to the low viscosity of the 
samples, a gap below 60 µm was set. A narrow gap presents the advantage to ensure a 
homogeneous temperature through the sample. However some research has revealed 
that measurements at such small gaps generate errors [89]. It appeared that for low 
viscous fluids, viscosity measurements decrease with a reduction in gap height. This 
gap error can be caused by the non-parallelism of the two plates, by the possible 
roughness of the plates or by non-concentricity. 
 
Stokes et al. [89] has developed a method to evaluate the gap error in the case of set 
gaps below 100 µm. The shear stress σ was defined as a function of the gap error ε as 
shown below: 
(Eq 6.1)                                            
εδ
δγησ
+
=
•
 
 
 δ - Set gap 
 η - Viscosity 
 
•
γ  - shear rate 
Lubricant 
Gap  
Rotational Speed 
Parallel plate 
Static plate 
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The above equation can be rearranged as follow: 
(Eq 6.2)                                           
η
εδ
ησ
γδ
+=
•
)1(  
By replacing the ratio 
σ
γ
•
 by the measured viscosity Mη , the equation (Eq 6.2) 
becomes:  
 
(Eq 6.3)                                           η
εδ
ηη
δ
+= )1(
M
 
 
The gap error ε is then determined by plotting the ratio
Mη
δ
 versus the set gap δ. Once 
the gap error is known, the shear rate and the viscosity are re-evaluated as follows: 
 
(Eq 6.4)                                          
εδ
δγγ
+
=
••
Mactual  
(Eq 6.5)                                           δ
εδηη += Mactual  
 
Therefore for each sample, the viscosity measurements are done at three different 
gaps, 30, 40 and 50 µm. The gap error is then determined and applied to the 
experimental data to obtain the actual viscosity values. A full description of the 
method can be found in Appendix C. 
 
The accuracy of the experimental data is ensured by the calibration of the equipment 
at the start of each test. The rotational speed and the torque are checked before each 
experiment and the gap is set to zero at the studied temperature.  
 
All the samples were tested at 20, 60 and 100°C, over a shear rate range varying 
approximately between 100 and 5.104 s-1. 
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6.2.1.2 Viscosity measurements at high shear rate 
 
To evaluate the viscometric properties under high shear rate, the Ultrahigh Shear 
Viscometer (USV) from PCS instruments, London, UK, as shown in Figure 6.2, was 
used. It measures the dynamic viscosity at a controlled shear rate varying between 106 
and 107 s-1. 
 
Figure 6.2: USV from PCS instruments [90] 
 
Figure 6.3 shows the USV principle. It is based on a rotating cylinder geometry.  The 
rotor and stator are made from the same material to ensure a good homogeneity of 
temperature through the sample and to limit the influence of temperature on gap 
change. The radial gap remains constant and equals about 1 µm. This narrow gap 
allows very high shear rates to be reached (107 s-1 is reached at a speed of 10 m/s).  
 
To avoid the problem of shear heating of the test sample at very high speeds, the 
viscometer is only run for a very short time prior to measurements. The system is 
composed of a motor and a clutch, which are controlled by a micro-processor. The 
motor is run up to the set speed (up to 20,000 rpm) while disengaged from the 
stationary rotor.  The electromagnetic clutch then engages the rotor for a short period 
of time (approximately 30 ms) and measurements are made as soon as the rotor speed 
stabilises. 
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Figure 6.3: USV principle 
 
This technology has been developed for very low viscosity oils such as engine oils at 
100°C and above. In case of highly viscous fluids, the motor will not be powerful 
enough to generate the rotation of the rotor. The maximum measurable dynamic 
viscosity was evaluated to be approximately 30 mPa.s.  
 
All the samples were tested at 60 and 100°C at controlled shear rates between 106 and 
107 s-1. 
 
6.2.1.3 Curve fitting 
 
To complete the experimental flow curves, the Carreau-Yasuda equation [74] was 
used. 
Eq (6.6)                     ( ) ana
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 ShearedLow.η  - Viscosity of the blend at low shear rate  
 ∞η  - Infinite shear viscosity of the blend. Usually ∞η takes the base oil value. 
 A - Relaxation time 
 n and a - Constants 
 
The relaxation time A corresponds to the inverse value of shear rate where the shear 
thinning starts. This factor is expressed in seconds. This parameter and the constants n 
and a were evaluated in order to fit our experimental data for each blend at each 
temperature. 
 
6.2.1.4 Base fluid results 
 
The viscosity of the base fluid was measured at three different temperatures, 20, 60 
and 100°C.  
 
Since at 20°C the fluid viscosity is too high to be measured at high shear rate using 
the USV, only the AR 2000ex rheometer was used. The results confirmed the 
Newtonian behaviour of this low molecular weight fluid. As expected, the viscosity 
remained constant and revealed an average value of 78.8 mPa.s.  
 
Figure 6.4 shows the viscosity results using the rheometer and the USV at 60 and 
100°C.  
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Figure 6.4: Flow curves of DOP tested at 60 and 100°C 
 
At 100°C, the viscosity remains constant over the wide range of shear rate. However 
at 60°C, a slight decrease in viscosity is noticed at very high shear rate. This reduction 
is caused by some thermal effects. In this case the shear stress is so high that the 
temperature in the test chamber is probably higher than 60°C, resulting in a lower 
viscosity being evaluated. 
 
6.2.2 Flow curve results  
6.2.2.1 Evaluation of the infinite shear viscosity 
 
This section discusses the evaluation of the infinite shear viscosity and shows the flow 
curves of all polymer solutions using the experimental measurements and the Carreau-
Yasuda model. 
 
In the Carreau-Yasuda model, usually the infinite shear viscosity takes the base oil 
value. However, Mitsui [91] analysed the behaviour of low molecular weight polymer 
solutions in concentrated contacts and suggested that the infinite shear viscosity in the 
case of dilute polymer solutions could be calculated by the Huggins equation as 
follow: 
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(Eq 6.7)                                            [ ] )1(0 CHS ηηη +=  
 
 HSη  - Infinite high shear viscosity 
 0η  - Base fluid viscosity 
 [ ]η  - Intrinsic viscosity 
 C  - polymer concentration 
 
The infinite high shear viscosity HSη  was evaluated for the tested solutions at 100°C. 
The results are summarized in Table 6. 1. 
 
 
Polymer 
solutions 
Polymer 
concentration C  
(% by wt) 
Intrinsic 
viscosity [η] 
(dl/g) 
Infinite high shear 
viscosity HSη  
(mPa.s) 
PS 5,000 10 0.048 6.77 
PS 20,000 8 0.103 7.40 
PS 50,000 6 0.173 7.43 
PS 100,000 5 0.245 5.87 
PIP 10,000 9 0.106 7.03 
PIP 26,000 6 0.187 6.92 
PIP 53,000 5 0.286 7.23 
PIP 121,300 3.25 0.467 6.60 
Table 6. 1: Evaluation of infinite high shear viscosity HSη  at 100°C 
 
These infinite shear viscosity HSη  were used in Carreau-Yasuda model. The curve 
was then compared with the Carreau-Yasuda model using the base oil viscosity as the 
infinite high shear viscosity. 
 
In Figure 6.5 - Figure 6.12, the “base” curve represents the model based on the base 
fluid viscosity. The “high shear” plot corresponds to the Carreau-Yasuda model where 
∞
η takes the HSη  value.  
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Figure 6.5: Carreau-Yasuda curve fitting plots of PS 100,000 solution 
 
 
PS 50,000 polystyrene solution tested at 100°C
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Figure 6.6: Carreau-Yasuda curve fitting plots of PS 50,000 solution 
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PS 20,000 polystyrene solutions tested at 100°C
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Figure 6.7: Carreau-Yasuda curve fitting plots of PS 20,000 solution 
 
 
PS 5,000 polystyrene solutions tested at 100°C
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Figure 6.8: Carreau-Yasuda curve fitting plots of PS 5,000 solution 
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PIP 121,300 polyisoprene solution in DOP at 100°C
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Figure 6.9: Carreau-Yasuda curve fitting plots of PIP 121,300 solution 
 
 
PIP 53,000 polyisoprene solution in DOP at 100°C
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Figure 6.10: Carreau-Yasuda curve fitting plots of PIP 53,000 solution 
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PIP 24,500 polyisoprene solution in DOP at 100°C
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Figure 6.11: Carreau-Yasuda curve fitting plots of PIP 24,500 solution 
 
 
PIP 10,000 polyisoprene solution in DOP at 100°C
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Figure 6.12: Carreau-Yasuda curve fitting plots of PIP 10,000 solution 
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As seen in Figure 6.5 - Figure 6.12, for almost all the studied solutions, the use of the 
base oil viscosity value as the infinite shear viscosity in the Carreau-Yasuda model 
gives a better fit than the model curve based on the high shear viscosity HSη . Only low 
molecular weight solutions show quasi similar viscosity behaviour for both infinite 
viscosity values.  
 
It appears that for dilute solutions, the high shear viscosity HSη can be chosen as the 
infinite viscosity of the polymer blend. However for semi-dilute solutions, the use of 
the base fluid viscosity as the limiting value provides a better fit to the experimental 
data. Consequently, for the rest of the rheological analyses, the viscosity of DOP was 
chosen as the infinite shear viscosity of the blend ∞η . 
 
6.2.2.2 Rheological behaviour of Polystyrene solutions 
 
Figure 6.13, Figure 6.14 and Figure 6.15 compare flow curves of polystyrene 
solutions evaluated respectively at 20, 60 and 100°C. The base fluid viscosity is 
represented by a solid, blue line. 
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Figure 6.13: Flow curves of polystyrene solution tested at 20°C 
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Polystyrene solutions at 60°C
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Figure 6.14: Flow curves of polystyrene solution tested at 60°C 
 
 
 
 
Polystyrene solutions at 100°C
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Figure 6.15: Flow curves of polystyrene solution tested at 100°C 
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Table 6.2 below lists the Carreau-Yasuda parameters for each polystyrene blend. 
 
 Temperature Solution A (s) a n 
PS 5,000 2.2E-05 1.2 0.68 
PS 20,000 4.0E-05 1.2 0.68 
PS 50,000 5.0E-05 1.3 0.7 
20°C 
PS 100,000 7.1E-05 1.8 0.65 
PS 5,000 5.00E-07 0.9 0.85 
PS 20,000 1.00E-06 1 0.8 
PS 50,000 1.70E-06 1 0.58 60°C 
PS 100,000 6.70E-06 1.25 0.54 
PS 5,000 2.00E-07 0.85 0.85 
PS 20,000 5.00E-07 1 0.81 
PS 50,000 1.00E-06 1.2 0.76 
Polystyrene 
100°C 
PS 100,000 2.00E-06 1.25 0.65 
Table 6.2: Carreau-Yasuda parameters of polystyrene solutions 
 
6.2.2.3 Rheological behaviour of Polyisoprene solutions 
 
Figure 6.16, Figure 6.17 and Figure 6.18 show viscosity behaviours of polyisoprene 
solutions at 20, 60 and 100°C.  
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Figure 6.16: Flow curves of polyisoprene solution tested at 20°C 
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Polyisoprene solutions in DOP at 60°C
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Figure 6.17: Flow curves of polyisoprene solution tested at 60°C 
 
 
Polyisoprene solutions in DOP at 100°C
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Figure 6.18: Flow curves of polyisoprene solution tested at 100°C 
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Table 6.3 below summarizes the Carreau-Yasuda parameters. 
  
Temperature Solution A (s) a n 
PIP 10,000 5.0E-05 1 0.89 
PIP 24,500 1.4E-04 1.45 0.86 
PIP 53,000 2.9E-04 1.8 0.86 20°C 
PIP 121,300 4.0E-04 2 0.84 
PIP 10,000 1.30E-05 1.25 0.885 
PIP 24,500 1.40E-05 1.3 0.845 
PIP 53,000 1.50E-05 1.5 0.79 60°C 
PIP 121,300 4.00E-05 2.15 0.75 
PIP 10,000 1.00E-06 0.8 0.83 
PIP 24,500 3.30E-06 0.9 0.82 
PIP 53,000 4.00E-06 1.5 0.83 
Polyisoprene 
100°C 
PIP 121,300 1.50E-05 1.9 0.76 
Table 6.3: Carreau-Yasuda parameters of polyisoprene solutions 
 
6.2.3 Discussion 
6.2.3.1 Impact of molecular weight 
 
As seen in Figure 6.14 and Figure 6.15, at 60 and 100°C the viscosity of the PS 
100,000 blend decreases with increasing shear rate until it almost reaches the base 
fluid. On the contrary, PS 5,000 viscosity is quasi-stable over the studied shear rate 
range. Similar observations can be made by comparing PIP 10,000 viscosity 
behaviour and PIP 121,300 curve shown in Figure 6.17 and Figure 6.18. PIP 10,000 
blend exhibits a slight viscosity loss, whereas PIP 121,300 blend reveals an important 
decrease in viscosity with an increase in shear rate.  
 
The transition between the 1st Newtonian plateau and the shear thinning region 
becomes sharper and starts at lower shear rates with an increase in molecular weight. 
This is confirmed by the increase in Carreau-Yasuda parameter “a” with a rise in 
molecular weight, as revealed in Table 6.2 and Table 6.3. 
 
The impact of molecular weight on dynamic viscosity can be quantified by evaluating 
the temporary viscosity loss (TVL). This parameter was calculated at 100°C and 
plotted versus molecular weight for each type of polymer, as seen in Figures 6.19 and 
6.20.
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Figure 6.19: TVL of polystyrene 
solutions evaluated at 100°C 
Figure 6.20: TVL of polyisoprene 
solutions evaluated at 100°C 
 
These experimental data confirm the significant impact of molecular weight on TVL. 
High molecular weight polymers are subjected to important molecular distortion in 
the direction of the shear resulting in a significant drop in viscosity.  
 
6.2.3.2 Impact of polymer concentration 
 
The impact of concentration was investigated by evaluating the dynamic viscosity of 
PS 100,000 polystyrene solutions dissolved in DOP at three different concentrations, 
1, 3 and 5% by weight. The flow curves appear in Figure 6.21. TVL was plotted as a 
function of concentration as shown in Figure 6.22. 
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Figure 6.21: Effect of concentration of PS 100,000 tested at 
100°C 
 
 
Figure 6.22: Effect of PS 100,000 polymer 
concentration on TVL 
 
As expected, the most concentrated polymer solution reveals the largest drop in 
viscosity. At a pure polymer concentration of 1% wt., TVL is 6.7%, whereas at high 
concentration, TVL increases up to 53%.  
 
This difference is due to the rise in number of molecules subjected to distortion under 
shear stress and also the greater loss of partial polymer overlap that occurs due to 
elongation under shear for the higher concentrations of polymer. 
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6.2.3.3 Limits of the rheological study 
 
As can be seen on the flow curves, a measurement gap appears around 105 s-1, 
between the low and high shear rate viscometers. As seen in Figure 6.15, extra 
viscosity measurements were done at 100°C at a shear rate varying between 
approximately 6.105 and 106 s-1. These measurements were carried out using a High 
Temperature High Shear (HTHS) high precision tapered plug viscometer from 
Ravenfield Designs Limited, Heywood, UK.  
 
The technology of this instrument is shown in Figure 6.23.  
 
 
Figure 6.23: Tapered plug viscometer 
 
The tapered plug viscometer is composed of a steel plug closely fitted into a copper 
stator. The shear stresses into lubricant are caused by the rotation of the steel plug. 
Contrary to the USV, the plug and the rotor have a conical shape and the gap between 
the two elements can vary by moving the steel plug vertically. This gap adjustment is 
necessary to maintain the required shear rate. Once this step is complete, the 
viscometer evaluates the torque response, i.e. the fluid resistance to shear rate. The 
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results are then compared with Newtonian reference oil at the same temperature. The 
procedure follows the ASTM D4741 standard test method [92]. 
 
This technology was originally developed to evaluate the fluid viscosity at 106 s-1 at 
150°C [93]. The equipment is limited to the analysis of very low viscous solutions, 
having typically their viscosity lying between 2 and 7 mPa.s.  
 
The VII solutions tested in this project reach the maximum viscosity tolerated by the 
viscometer at a shear rate around 105 s-1. The fluids were therefore too viscous for the 
capacity of the equipment. Some attempts were made to measure the viscosity in this 
condition but the results were found to be inaccurate. The main problem came from 
the difficulty to keep the sample at a constant temperature. The shear of the test liquid 
caused an increase in temperature in the test chamber. Consequently the measured 
viscosity was lower than the expected one.  
 
No apparatus was found suitable to accurately evaluate the viscosity of the studied 
solutions at a shear rate around 10 5 s-1. The lack of equipment might be due to the 
fact that industry primarily requires the performances of oil at low shear and very high 
shear rate. There is currently no need to evaluate the viscosity at 105 s-1 in terms of 
meeting product specifications. 
 
6.3 Shear stability study 
 
As explained in detail in Chapter 4, permanent shear stability measurements are 
essential to evaluate the multigrade oil performances. In industry, the main procedure 
used consists of passing the polymer solution through a diesel injector to permanently 
damage the polymer chains. The low shear viscosity is measured before and after the 
test. From these measurements, PSSI is evaluated.  
 
To run a test such as the Kurt-Orbahn test, approximately 2 litres of polymer blend is 
required. Due to cost, such large volume of solutions could not be prepared using 
polystyrene and polyisoprene polymers as VIIs. For this reason, an alternative method 
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was found to quantify the permanent shear thinning. This technique is based on the 
use of the USV.  
 
This section gives a full description of the shear stability procedure and shows the 
results. The impact of the molecular weight and the polymer concentration are 
discussed. The limitations of the method are explored. 
 
6.3.1 Method description to evaluate permanent shear thinning  
 
The procedure developed in this study consists of repeating the USV viscosity 
measurement of a sample at 100°C at a controlled high shear rate, selected at 5.106 s-1. 
To avoid possible viscoelastic effects, the time interval between two measurements is 
set at 5 min. This duration gives enough time to the polymer molecules to recover 
from the high shear stresses from the previous measurement. 
 
The procedure is repeated 30 times in succession. This large number of measurements 
was found necessary to reach a stable viscosity value.  
 
As explained in Chapter 4, the permanent shear stability index is described by the 
equation below:  
 
(Eq 6.8)                                     %100
0
×
−
−
=
⋅
⋅⋅
ηη
ηη
oilFresh
oilShearedoilFreshPSSI  
 
Since this formulation refers to viscosity measurements done at low shear rate, the 
equation (Eq 6.8) was slightly modified. PSSI(HS),where HS stands for High Shear, 
was calculated after each test based on the first viscosity measurement done at 5.106 s-
1
, denoted 1η . The index is defined by the following equation: 
 
(Eq 6.9)                                 %100)(
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11 ×
−
−
=
+
ηη
ηη n
n HSPSSI   
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 n - Number of passes in the USV 
 1η  - Viscosity of multigrade oil after one pass in the USV 
 0η  - Base oil viscosity 
 
Thirty values of PSSI(HS) were calculated and finally plotted as a function of the 
number of measurements in the USV.  
 
The following section reveals the results of the base fluid DOP, the polystyrene blend 
and the polyisoprene blend. 
 
6.3.2 Results 
6.3.2.1 Base fluid 
 
To check the accuracy of the method, the base fluid di-2-ethylhexylphtalate DOP was 
first tested.  
 
Since the permanent shear stability index depends on the base fluid viscosity value, 
the permanent viscosity loss of DOP was calculated instead as follow:  
 
(Eq 6.10)                                %100)(
1
11 ×
−
=
+
η
ηη n
n HSPVL  
 
 n - Number of passes in the USV 
 1η  - Viscosity of the sample after one pass in the USV 
 
The results of three tests and the repeatability of the procedure are shown respectively 
in Figure 6.24 and in Figure 6.25.  
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Figure 6.24: Evaluation of permanent viscosity loss of DOP 
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Figure 6.25: Evaluation of the repeatability of the procedure 
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As can be seen in these graphs, the permanent viscosity loss stays at a zero value over 
the 30 measurements. This confirms the Newtonian behaviour of the base fluid. The 
results also show very good repeatability with a maximum error of only 0.8%. 
 
The method gave reliable results and was therefore applied to the polystyrene and 
polyisoprene solutions.  
 
 6.3.2.2 Evaluation of permanent shear stability of polystyrene and 
polyisoprene solutions 
 
Figure 6.26 and Figure 6.27 show the permanent shear stability index of the polymer 
solutions. The polystyrene and the polyisoprene blends were analysed.  
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Figure 6.26: PSSI of polystyrene solutions evaluated at 100°C 
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Figure 6.27: PSSI of polyisoprene solutions evaluated at 100°C 
 
6.3.3 Discussion 
6.3.3.1 Impact of molecular weight 
 
As seen in Figure 6.26 and Figure 6.27, the permanent shear stability index tends to 
reach a plateau after a large number of repeat measurements for all the tested polymer 
solutions. This confirms that there is a limiting molecular weight below which, at a 
specific shear rate, no permanent viscosity loss occurs [56]. 
 
To analyse the impact of molecular weight on PSSI, the index value after 30 passes in 
the USV was plotted as a function of the polymer molecular weight. The results 
appear in Figure 6.28 for both polymer types. 
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Figure 6.28: Effect of molecular weight on PSSI 
 
The impact of molecular weight is clear. As the molecular weight increases, PSSI(HS) 
rises.  
 
For PS 5,000 and PS 20,000 polymer blends, the index almost equals zero. As the 
molecular weight increases, the permanent shear thinning becomes more significant, 
reaching a PSSI of 7.25% for PS 100,000 blend.  
 
Polyisoprene solutions also exhibit a rise in permanent shear thinning with an increase 
in molecular weight similar to but greater than PS. This behaviour can be related to 
the hydrodynamic volume theory. This is explained in more details in the following 
sections.  
 
6.3.3.2 Impact of polymer type 
 
As seen in Figure 6.28, PSSIs of the PS 5,000 and PS 20,000 solutions are close to 
zero, whereas the low molecular weight blend PIP 10,000 exhibits an index of almost 
10%. Overall polyisoprene fluids exhibit permanent shear stability indexes 
significantly higher than polystyrene solutions. This behaviour can be explained by 
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analysing the hydrodynamic volume. As seen in Table 5.10 in section 5.3.4.3, 
polyisoprene molecules occupy a larger volume than polystyrene chains. For example 
PS 100,000 hydrodynamic volume is only equal to 14.7 nm3 whereas PIP 121,300 
molecules fill a spherical volume equivalent to 44.9 nm3. A much higher proportion of 
the mass lies in the side group for PS than for PIP, so its chain length is less at a given 
molecular weight. This difference between the two polymer types confirms the impact 
of the hydrodynamic volume on the shear stability [58-60, 94].  
 
6.3.3.3 Impact of concentration 
 
The impact of concentration on the permanent shear stability was also investigated 
using one polystyrene, of 100,000 g/mol, at three different concentrations, 1, 3 and 
5% by weight. The PSSI results are shown in Figure 6.29.  
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Figure 6.29: Effect of concentration on PSSI 
 
This graph indicates that the loss in viscosity due to polymer compared to the base 
fluid value is more important for low concentration solutions. As explained by 
Alexander et al. [66], when considering a PSSI, the reader has to understand how it 
has been determined. 
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The curves in Figure 6.29 have to be analysed carefully. The permanent shear stability 
index calculated in this project refers to the measurements done at high shear rate and 
is based on the viscosity of the base oil. Since the solution containing only 1% of pure 
polystyrene reveals a viscosity close to the base fluid viscosity compared to the 5% 
solution, the PSSI ratio mathematically gives high values.  
 
6.3.3.4 Limitations of the test method 
 
The permanent shear stability test developed for this project is a very good indicator 
of how the polymer chains behave under very severe shear stresses. The main 
advantage of this procedure is the small amount of solution that the experiment 
requires. Only 2.5 mL is necessary to run one test.  
 
However one important limitation of the test has to be emphasised. As explained 
previously, in industry, PSSI is based on the low shear viscosity measurements. Using 
the USV method, no used sample can be collected at the end of the 30 measurements. 
Consequently the PSSI(HS) index is calculated based on high shear viscosity values. 
This technique is efficient and simple. It provides good information on the shear 
stability of the tested polymer blend. However the obtained value cannot be directly 
compared to the index found in the literature. 
 
6.4 Summary 
 
In this chapter, the rheological behaviours of the base fluid DOP, the polystyrene and 
the polyisoprene solutions were analysed. This includes their viscosity-shear rate 
dependence and their shear stability.  
 
First the viscosity was measured for all the tested solutions using two types of 
equipment. To complete the flow curves, the Carreau-Yasuda parameters were fitted 
to the experimental data for each fluid at each temperature. The results showed a large 
impact of VIIs on viscosity. It was revealed that, as the molecular weight increases, 
the temporary viscosity loss becomes more important.  
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Then the permanent shear stability of the solutions was analysed using a method of 
repeat measurement based on the USV. This technique appeared to be very reliable 
and quick. However since no used sample can be collected after being sheared, a new 
index was described. Contrary to the index normally calculated in industry, this 
parameter was evaluated using viscosity measurements done at high shear rate. The 
results showed the influence of molecular weight on permanent shear thinning. For 
the both types of polymers, as the molecular weight rises, the permanent viscosity loss 
increases. The results tend to confirm that the shear thinning is directly related to the 
hydrodynamic volume. The higher the hydrodynamic volume, the more the molecules 
are elongated and thus stressed to rupture. 
 
These results will be correlated with the film thickness and friction test in compliant 
contacts carried out in Chapter 7 and Chapter 8.
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Chapter 7: 
 
 
Film thickness measurement in compliant contact 
 
 
 
This chapter focuses on film thickness measurements of polymer solutions in 
compliant contact. After a short introduction, experimental techniques based on 
optical interferometry and on fluorescence are reviewed. The chosen method for this 
project is then described and the experimental data are shown and compared with a 
model based on Reynolds equation. Finally the limitations of the system and the 
results are discussed. 
 
 
7.1 Introduction  
 
One of the main aims of this research is to experimentally investigate the impact of 
polymer shear thinning on lubricant film thickness. To do this it was essential to use a 
contact with pressure less than 50 MPa. At higher pressures, piezoviscous effects start 
to become significant and this changes the lubricant viscosity both in the inlet and 
within the contact itself and thus impacts both the film thickness and the friction. 
There are two practical ways of attaining a low pressure lubricant contact. One is to 
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form conforming, hydrodynamic contact such as a plain thrust bearing. However it is 
quite difficult to control the alignment of such surfaces and large loads are needed to 
form thin lubricant films. The second is to use a non-conforming contact where one of 
the bodies is compliant (i.e. has a low elastic modulus) and thus operates in the 
isoviscous-elastic regime.  
 
The aim of the work carried in this chapter is based on three main tasks: 
 
 To find a suitable experimental technique to measure film thickness in 
compliant contact in case of low viscosity polymer fluids 
 
 To develop a theoretical model to predict the impact of shear thinning 
on film thickness 
 
 To analyse the effect of shear thinning and to clarify the impact of 
polymer properties on film thickness 
 
7.2 Background 
 
Little research has tried to analyse and evaluate film thickness in soft EHL conditions. 
Some work has been done using optical interferometry. More recently a new 
technique based on fluorescence has been developed. 
  
This section gives an overview of the different techniques. 
 
7.2.1 Film thickness measurement by optical interferometry 
 
Optical interferometry is the most common technique used to evaluate lubricant film 
thickness. The method was first developed at the beginning of the 1960s and has been 
progressively improved up to the present day. The main variant currently employed is 
known as the ultra-thin film interferometry. The technique is briefly explained in this 
section. However more details about the development of the method are given in 
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chapter 9 where it is used to measure the EHL film thickness behaviour of polymer 
solutions. 
 
The principle of ultra-thin film interferometry consists of loading a smooth, reflective 
ball against a transparent glass disc coated with a semi reflective chromium layer and 
a silica coating. The contact area is illuminated using a white light source. The light 
goes through the glass disc, whose one part is reflected by the chromium layer. The 
other part goes through the spacer layer and any lubricant and is finally reflected by 
the steel ball. The light paths are directed to a spectrometer forming an interference 
image displayed using a black and white CDD camera.  
 
To ensure good reflectivity, a very smooth surface with high reflectivity is required. 
In most studies a bearing steel ball is used. Since both glass and steel ball have quite 
high modulus (70 and 200 GPa respectively), even at low applied loads the contact 
pressure is high and the prevailing lubrication regime is usually “hard” EHL. 
Consequently this form of ultra thin film interferometry is not suitable for this study. 
 
One possible approach is to make one of the contacting surfaces of a compliant 
material such as an elastomer and operate in “soft” EHL. Little work has been 
published regarding film thickness measurement in this regime of lubrication. 
 
In the late 1960s, Roberts et al. [95, 96] tried to develop soft contact interferometry. 
Optically smooth rubber was loaded against a glass plate. But the analyses by 
interferometry of the contact using a monochromatic light gave poor results. This was 
essentially due to the high roughness and the low reflectivity of the rubber surfaces. 
Later, Roberts et al. [97-99] developed rubber with smoother surface. A roughness of 
below 20 nm was obtained. The quality of the contact images improved significantly.  
 
In the 2000s, Kaneta et al. [100, 101] also investigated soft contact interferometry 
using nitrile rubber specimens in contact with oscillating glass plate. A spacer layer 
was added to the glass surface. This improved the reflectivity of the boundary 
between glass and lubricant but the presence of the spacer layer caused a reduction in 
the rubber reflection, resulting in poor image quality. 
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7.2.2 Laser Induced Fluorescence LIF 
 
As explained previously, optical interferometry is a very reliable technique to evaluate 
film thickness in hard-EHL conditions but soft materials usually have poor 
reflectivity, causing difficulties in using the interferometry method. To avoid any 
reflectivity problems, a system based on fluorescence principle can be used to 
measure film thickness. 
 
Fluorescence technique is intensively used in fields such as optics or biotechnology. 
However this method has been rarely used in soft EHL lubrication. This lack of 
technology is probably due to the development and effectiveness of optical 
interferometry.  
 
In 2000, Sigumura et al. [102] was one of the first research group to use Laser 
Induced Fluorescence (LIF) to study thin lubricant films. A simple CDD camera was 
employed to image the contact. Unfortunately it produced results of poor quality. LIF 
has also been quite extensively used to measure lubricant film thickness and 
distribution in pistons [103, 104]. 
 
In the last 10 years, the application of LIF technology improved significantly. 
Hidrovo et al. [105, 106] obtained very high quality images by using a two 12-bit 
Princeton Instrument CDD cameras. However the limitations of the technique were 
not detailed and the method was not applied to a tribological contact.     
 
Recently, Myant et al. [107] applied laser-induced fluorescence technique to analyse 
soft-EHL contact between an elastomer hemisphere and a glass disc. The contact was 
lubricated with a dyed solution of glycerol and water and directly illuminated with a 
532 nm laser light. Using a fluorescent microscope, Myant et al. [107] obtained a film 
thickness map of the contact from the intensity of the emitted radiation.  
 
This technique has been adapted in the current study for use with low viscosity, 
hydrocarbon fluids and is fully described in sections 7.3 and 7.4. 
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7.3 Fluorescence principle 
 
In the last decades, fluorescent molecules have been extensively used in research. 
These molecules contain groups called fluorophores that follow the fluorescent 
process shown in Figure 7.1. The principle is based on three distinctive stages as seen 
in the Jablonski diagram below [108, 109]:  
 
 Step 1: Excitation 
 Step 2: Excited state life time 
 Step 3: Fluorescence emission  
 
 
As seen in the stage 1 in Figure 7.1, initially the fluorophore is in the low energy 
ground state and has a stable configuration. Then the group absorbs a photon of 
energy supplied by an external source of light, usually a laser. 
 
If the energy absorbed is sufficient, the excited group reaches a high energy state. The 
level of the attained energy state depends on the wavelength and on the energy 
emitted by the light source. The fluorophore is then highly unstable and tends to fall 
down very quickly to the lowest energy excited state. This is characterised by stage 2, 
 
Figure 7.1: Jablonski diagram [108] 
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called the excited state lifetime. During this extremely short period of time, typically 
lasting between 1 and 10 nanoseconds, the fluorophore group is subjected to 
conformational changes, and has the possibility to interact with a large number of 
different molecules, which can lead to a loss of energy from molecular vibrations and 
therefore to dissipation as heat.  
 
Finally, the fluorophore molecule rearranges and returns to the ground state (stage 3). 
During the fluorescence emission step, the excess of energy is released and emitted as 
light. The emitted light is of lower energy than the absorbed light, resulting in longer 
wavelength than the excitation photon. The difference in energy is called the Stokes 
shift. The magnitude of this shift is determined by the structure of the fluorophore and 
by the characteristics of the molecules. This is the reason why the colour of the 
emitted light is different from the colour of the absorbed light. 
 
At the end of the fluorescence process, the fluorophore groups return to their initial 
low level of energy. In theory they could repeatedly undergo the fluorescence process 
indefinitely. But in reality, molecule instability during the excited lifetime and high 
intensity light exposure cause permanent damage to the particles. As a result, the 
signal of the emitted light becomes less strong. This phenomenon is called 
photobleaching. It can be avoided by using pulsed laser, since the light exposure is 
then significantly reduced.  
 
The intensity of the signal depends on the dye characteristics. For example, as seen in 
Figure 7.2, the illumination wavelength can significantly influence the intensity of the 
emitted light. At the excitation maximum of the fluorophore, the greatest fluorescent 
output is produced. The illumination at lower or higher wavelengths affects only the 
intensity of the emitted light. The range or the overall shape of the emission stays 
unchanged. 
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Figure 7.2: Excitation and emission spectra 
 
7.4 Test method 
 
This section describes the test method employed in this project to measure the film 
thickness in soft EHL conditions. This includes a description of the equipment, 
information about the material properties and the tribological contact. Finally the 
normalization and the calibration of the measurements are explained.  
 
7.4.1 Test equipment 
 
Figure 7.3 shows a schematic diagram of the test equipment. This is based on a 
slightly modified EHL optical interferometry rig from PCS Instruments, London, UK. 
 
The tribological contact is formed by a hemisphere loaded against a glass disc. The 
hemisphere is made of a material having a low Young modulus to minimize the 
contact pressure. More detail regarding the soft hemisphere is given in section 7.3.2.2. 
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The disc is a plain transparent BK7 glass disc supplied by PCS Instruments. Its 
properties are given in Table 7.1. Contrary to the optical interferometry technique, no 
reflective coating was applied on the surface of the disc. 
 
 
Glass disc properties Values 
Young’s modulus 65 GPa 
Poisson’s ratio 0.24 
Refractive index 1.52 
Table 7.1: Glass disc properties 
 
As seen in Figure 7.3, the lubricated contact is illuminated by a low power, solid state 
laser supplied by Laser2000 Ltd. The excitation of the fluorescent dye is produced by 
green light having a wavelength of 532 nm.  
 
To observe the lubricated contact, a microscope from Zeiss Ltd, UK, was used. The 
system was easily adjustable along the vertical axis. A magnification of X5 was found 
to be the most appropriate to obtain an image of the whole contact region.  
 
Figure 7.3: Diagram of the equipment used to measure film thickness 
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Finally the images are captured by an Electron Multiplying Charge Coupled Device 
EMCDD camera. The model used from QImaging is Rolera – MGI B/W EMCCD. 
The spectral response of the camera is shown in Figure 7.4. The quantum efficiency 
reaches 90% over a large range of wavelength which includes the laser wavelength of 
532 nm. 
 
 
Figure 7.4: Spectral response 
 
The grey scale intensity images are captured in a 512x512 array using the QCapture 
Pro 6.0 software. They are then analysed using a computer processor technique 
developed at Imperial College by Myant et al. [107]. The software creates film 
thickness maps from the grey scale intensity of the pictures.  
 
To optimize the quality of the images taken by the EM camera, the optical equipment 
used was composed by a succession of lenses and mirrors as seen in Figure 7.5.  
 
The laser produces green light which goes through a beam expander and two lenses. 
This flattens the Gaussian intensity distribution of the light. The optical apparatus also 
contains a diffuser which reduces some light irregularities. As noticed in Figure 7.5, a 
dichroic mirror is placed between the microscope and the camera. This is a key 
element in the fluorescence technology. Since the wavelength of the emitted light 
from the contact (shown in red in Figure 7.5) is longer than the green light produced 
by the laser, the special reflective properties of the mirror allow the separation of the 
two light paths. An emission filter, located between the dichroic mirror and the 
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camera, eliminates any trace of the green excitation light. Consequently only light 
produced by emission is captured by the camera. 
 
 
Figure 7.5: Diagram of the optical equipment used to observe soft 
contact 
 
7.4.2 Materials 
7.4.2.1 Dye selection 
 
For this project, Nile Red was selected as the fluorescent dye. Nile Red was supplied 
by Sigma Aldrich, UK. It is soluble in DOP and has an exciting wavelength close to 
the wavelength of the green laser. Moreover the emission wavelength corresponds to 
the emission wavelength range of the filter. Its chemical structure is shown in Figure 
7.6 below.  
 
 
Figure 7.6: Nile red chemical 
structure 
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The absorption and emission spectra of Nile Red dissolved in isopropanol were 
measured by Dr Marinov at Unilever Ltd, Colsworth, UK, using a luminescence 
spectrometer (Perkin Elmer, model LS 50B). As seen in Figure 7.7, the wavelength 
corresponding to the excitation maximum of the dye lies between 530 and 540 nm and 
thus matches the laser. The emission wavelength is 617 nm (orange/red). 
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Figure 7.7: Absorption and emission spectra of Nile Red dissolved in 
isopropanol 
 
 
Usually, when diluted in oil, low molar concentration ranging from 10-5 to 10-4 mol.L-1 
is needed [110]. The concentration has to be high enough to obtain sufficient intensity 
of emitted light relative to background noise from the camera. In the literature, it was 
found that usually a very small amount of dye was sufficient to give a good signal 
[110]. For that reason, a concentration of 0.005% wt was chosen. This corresponds to 
a molar concentration of 1.6x10-4 mol.L-1.  
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7.4.2.2 Compliant test specimen  
 
The tribological contact consists of a soft spherical cap made of 
polymethylmethacrylate (PMMA) loaded against a transparent plain disc. For 
convenience these spherical caps are referred to as “hemispheres” in this thesis but 
they actually comprise less than half of a sphere. Figure 7.8 shows the preparation of 
the PMMA hemispheres. The samples were made from a replica kit supplied by 
Taylor Hobson Ltd, UK. The kit contains a polymethymethacrylate resin 
commercialized under the appellation “Acrulite®”. The resin is obtained by mixing 
one volume of Acrulite®liquid with one volume of Acrulite®powder. Originally the 
resin has a yellow, slightly translucent appearance. To properly reflect the light 
emitted by the laser, the hemisphere has to be dark. To overcome this problem, a 
small amount of commercial carbon black Vulcan XC72R was added to the mix. A 
low concentration of 0.01% wt was chosen. The blend was then poured in a round 
shaped glass lens from Edmund Optics, UK. This is optically smooth, which 
minimizes the roughness of the sample surface. As seen in Figure 7.8, the mould has 
one flat and one inward curved surface. The solution was finally left to set for 
approximately 30-45 minutes at room temperature. Once ready, PMMA hemisphere 
was removed from the mould and glued directly on a steel holder.    
 
 
Figure 7.8: PMMA sample preparation 
 
A roughness of less than 10 nm was measured using the optical profiling system 
Wyko NT9100 from Veeco.  
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The mechanical properties of the hemispheres are given in the table below. PMMA 
shows a relatively low modulus of 2.5 GPa compared to the 210 GPa modulus of a 
stainless steel ball. This ensures a low contact pressure. 
 
Property Value 
Young's modulus 2500 MPa 
Poisson’s ratio 0.35 
Density 1.19 g/cm3 
Melting point 130-140°C 
Table 7.2: Mechanical properties of PMMA 
 
7.4.3 Tribological contact  
 
To test the effect of the radius of curvature, three uncoated plano-concave lenses were 
used to prepare hemispheres. Their radii were 9.42, 19.62 and 51.68 mm.  
 
Considering Hertz’s theory of elastic elliptical contact, the maximum contact pressure 
p0 can be evaluated as: 
 
(Eq 7. 1)                                                  
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 E’ – Reduced elastic modulus 
 W – Total load  
 R – Contact radius  
 
The maximum pressure corresponds to 3/2 times the mean pressure p . Consequently, 
the mean pressure is given by: 
 
(Eq 7. 2)                                              03
2 pp =
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To evaluate the mean contact pressure in the PMMA/glass tribological contact, p  
was plotted versus load varying between 0.5 and 5 N for the three radii. 
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Figure 7.9: Influence of hemisphere size on mean contact pressure 
 
As seen in Figure 7.9, the mean pressure increases significantly with rises in load and 
decreases in the radius of the hemisphere. However, compared to hard contact where 
the mean pressure can reach 4 GPa, the pressure remains very low, below 50 MPa. At 
a load of 5 N, the mean pressure is listed in Table 7.3 for each type of hemisphere. 
 
Radius (mm) Mean pressure (MPa) 
9.42 47 
19.62 29 
51.68 15 
Table 7.3: Mean contact pressure for PMMA/glass elliptical contact with a load 
of 5N 
 
Considering the experimental test parameters chosen for this project, the 
hydrodynamic lubrication regime map for a circular contact can be used to position 
the test conditions. EHL regime maps are plotted in Figure 7.10 for contacts 
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lubricated with DOP at 20°C at three different loads and three different radii. The 
sliding speed of 1 m/s was selected.  
 
 
According to the EHL regime map shown in Figure 7.10, the tribological contact 
should mostly operate in the isoviscous-elastic regime commonly called soft-EHL. As 
a result, undesirable piezo-viscous effects should be avoided. 
 
7.5 Normalization and Calibration  
 
The experimental technique used for this project contains two main steps to obtain 
accurate film thickness mapping: normalization of the captured images and calibration 
of the system. For information, the figures shown in this section refer to the analyses 
of the base fluid DOP at 20°C using a hemisphere radius of 9.42 mm. 
 
7.5.1 Normalization process 
 
Some noise usually appears in the intensity analyses when using fluorescence systems 
such as LIF. Background noise can be produced by the light source and can also be 
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Figure 7.10: EHL regime map of DOP 
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produced in the imaging system. Dust or damage present on the surfaces of the lenses 
or mirrors used in optical equipment can also emphasize noise [105]. In addition, the 
Gaussian distribution of the laser used in this study can have an impact on the 
intensity measurements. It can cause distortion in the emission intensity, and therefore 
affect film thickness mapping around the Gaussian curve. 
  
To reduce the noise, Myant et al. [107] included in their computer processor program 
one step which normalizes all the captured images. The normalization process 
consists of evaluating the minimum intensity I0 in each image and deducting it from 
each pixel. The minimum intensity is therefore set to zero. The other part of the 
procedure is based on an initial image, named “non-contact” image, taken without any 
applied load before testing as seen in Figure 7.11a. Pictures are captured by the EM 
camera and then “divided” pixel-by-pixel by the non-contact image to produce 
normalized images.  
 
Figure 7.11b and 7.11.c illustrate the normalization process under static conditions. 
Figure 7.11b shows the loaded contact at zero speed before normalization. Once 
normalization is carried out, a contact image of better quality with significantly less 
background noise is produced as shown in Figure 7.11c.  
 
All the pictures captured using this equipment are normalized to give more accuracy 
in film thickness mapping.  
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Figure 7.11 a, b and c: Normalization process 
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7.5.2 Calibration 
 
A simple way to calibrate fluorescence work is to correlate known film thickness with 
intensity profile. Sigumura et al. [102] compared experimental values obtained by 
optical interferometry with intensity curve. However for soft EHL contact this method 
cannot be used due to a lack of optical interference data.  
 
Instead, for this study, calibration was obtained by using the intensity image of the 
loaded contact in steady state condition. For each test, before starting to increase the 
disc speed, a picture of the static contact was captured.  
 
The applied load is not accurately controlled by the rig. To evaluate the “real” applied 
load, the intensity profile through the centre of the contact is compared to the 
theoretical Hertzian profile based on the following equation [111]: 
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 R – Hertzian contact radius 
 r – distance from the centre of the contact with r>R 
 
 
p0 – Maximum pressure  
 
This calibration technique has some limitations. For compliant contacts the applied 
load can be augmented by a significant additional load due to adhesive forces which 
occur between the surfaces. However, in this project, this problem is avoided since a 
full fluid film should separate the surfaces in relative motion. No adhesive forces 
should occur between the two surfaces.  
 
7.6 Reynolds model 
 
In recent decades, with the improvement of computer technology, several models 
based on Reynolds equation have been created to predict fluid behaviour in 
hydrodynamic lubrication regime.  
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Within the context of this project a full numerical solution for compliant EHL 
developed by Professor Spikes was used in order to allow comparison with the 
experimental film thickness and friction measurements. The developed model 
simultaneously solves the classical Reynolds and the elasticity equations described 
respectively by the equations (7.4) and (7.5).  
 
(Eq 7.4)                                              
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 η – fluid dynamic viscosity 
 h – film thickness 
 U – mean speed of the two surfaces with respect to the contact  
 p – fluid pressure 
 
Eq (7.5)                                         ''),(2),(
''
'
dydx
r
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A
∫∫= pi
ω  
 ω – Total elastic deflection 
 E’ – Reduced elastic modulus 
 r – Distance between point (x,y) and (x’,y’) 
 
As explained previously, this research focuses on the rheological behaviour of 
solutions containing polymers, i.e. blends showing variation in viscosity with shear 
rate. Contrary to the isoviscous approximation where viscosity is assumed constant, 
the solution derived from Reynolds equation considered variation of viscosity over the 
area of the film. Consequently, Professor Spikes adapted the equation (7.4) to allow 
for variable viscosity across the area of the contact.  
The parameter 
η
η
ν 0= was introduced and the equation (7.4) was converted with 
differentiation by parts to: 
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The equations were solved simultaneously using a standard finite difference approach 
with a rectangular grid, for a sphere sliding against a flat surface. The viscosity 
 Chapter 7 – Film Thickness Measurement in Compliant Contact 
 
 130 
followed the Carreau-Yasuda model, (Eq 7. 7) ( ( ) anaA 1
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was calculated based on the local shear rate (sliding speed divided by local film 
thickness). The Carreau-Yasuda parameters A, n and a, determined by the 
experimental flow curves, were implemented in the program.  
 
Thus for each solution, the model developed by Professor Spikes was used to 
theoretically evaluate the film thickness profile of polymer solutions. The obtained 
curve was then compared with the experimental values.  
 
Figure 7.12 shows a schematic flow diagram of the solution method. 
 
Derivation of the computing equation is given in Appendix D. 
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Figure 7. 12: Schematic flow diagram of solution method 
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7.7 Results 
 
This section shows the film thickness results of the studied solutions. First, the base 
fluid dioctylphthalate DOP, is analysed and the effect of PMMA hemisphere size is 
investigated. Then the results of polymer solutions are shown. The experimental data 
are compared with the Reynolds model. 
 
7.7.1 Base fluid DOP 
7.7.1.1 Effect of hemisphere sizes  
 
The base fluid DOP was tested using three different hemisphere sizes at a load of 3 N 
at 20°C in fully flooded conditions over a wide range of sliding speed. The analysed 
hemisphere sizes were 9.42, 19.62 and 51.68 mm. The film thickness was plotted 
versus the entrainment speed. For each radius, the test was repeated three times.  
 
 Figure 7.13(a, b, c) shows the results for the three hemisphere sizes. Each figure 
includes the experimental values and the theoretical film thickness based on the 
isoviscous theory described by Dowson and Hamrock [6] in section 2.5.1. A film 
thickness map of the steady static contact is also revealed for each study.  
 
Figure 7.13a shows the film thickness results with a hemisphere radius of 51.68 mm. 
This reveals non repeatable results especially in the low to medium speed range. 
Large errors are seen on the curve. These results are unsatisfactory due to the 
instability of the contact. As seen in the picture captured at zero speed, the surface is 
unclear with indistinct contours.  
 
Tests done with a PMMA hemisphere radius of 19.62 mm shown in Figure 7.13b 
reveal relatively accurate results. However, the linearization of the experimental 
measurements gives a slope of only 0.33. According to the isoviscous theory, the 
slope should be around 0.67. 
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The smallest glass lens with a radius of 9.42 mm appears to be the best solution for the 
fluorescence analyses. The curves plotted in Figure 7.13c show good agreement 
between the experimental data and the isoviscous theory revealed a slope of 0.75, 
quite close to the slope 0.67 defined by Dowson and Hamrock [15-18]. Furthermore, 
the image of the contact shows a clear round shape with evident contours. 
 
The most accurate results were obtained using the 9.42 mm hemisphere size. The 
tribological contact is stable resulting in good repeatability especially at medium and 
high speed. For the future analyses shown in this report, all the PMMA hemispheres 
will have a radius of 9.42 mm. 
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Figure 7.13 a, b and c: Effect of radius of curvature 
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7.7.1.2 Film thickness maps 
 
Figure 7.14 shows a series of fluorescent film thickness maps. These captured pictures 
correspond to one of the film thickness tests plotted in Figure 7.13c. Lubricant flow 
follows the Y axis from top to bottom. As soon as the speed increases, a cavitation 
zone is formed at the exit of the contact. 
 
 
Figure 7.14: Evolution of film thickness maps of the tribological contact of DOP 
at 20°C 
 
Myant et al. [107] studied the effect of starvation in the case of a compliant contact 
using fluorescence and showed how cavitation can affect film thickness analyses. To 
create a starvation effect, fully flooded conditions were avoided and only a small 
amount of solution was injected into the contact. A distinctive “horseshoe” shape 
appeared at the outlet of the contact, affecting significantly film thickness results 
especially at high speed. Due to the presence of the cavitation, the intensity of the 
emitted light was lower than if a full film separated the surfaces in relative motion. 
This phenomenon caused a lower film thickness than theoretical fully flooded values.  
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For the current study, the tribological contact is fully immersed in the dyed solution. 
This condition prevents from any starvation effect. Furthermore, the film thickness is 
evaluated along the midline of the contact. Since the cavitation occurs at the outlet of 
the contact, it can be assumed that the constriction does not influence the film 
thickness evaluation.  
 
7.7.1.3 Validation of Reynolds model 
 
As explained in section 7.4, a non-isoviscous model based on Reynolds equation was 
developed to theoretically evaluate film thickness in soft EHL regime for shear 
thinning solutions. The program was first run using the Newtonian fluid DOP. The 
test conditions implemented in the program were similar to the experimental 
conditions. The calculated values were then compared with the isoviscous theory. 
 
The graph in Figure 7.15 shows the film thickness profile of DOP at 20°C. The light 
blue curve denoted “Visc xy” represents the non-isoviscous Reynolds mode, where 
“Visc xy” signifies that the viscosity can vary along the x and y axis of the contact 
area. The dark blue line corresponds to the isoviscous model and the experimental 
values appear as white triangle points.  
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Figure 7.15: Film thickness of dioctyl phthalate tested at 20°C 
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As seen in Figure 7.15, the isoviscous curve and the Reynolds plot are almost 
superimposed. Very good agreement is noted between the different methods. This 
confirms that the model based on the non-isoviscous Reynolds equation gives 
accurate results.  
 
The model will be used to theoretically evaluate the impact of polymer shear thinning 
on film thickness. 
 
7.7.2 Polystyrene solutions  
 
For each polystyrene solution, film thickness was measured using LIF technology. As 
for the base fluid DOP, the experimental data were compared with the isoviscous 
theory and the non-isoviscous Reynolds model. All the tests were performed at two 
different temperatures, 20 and 60°C. 
 
Figures 7.16 and 7.17 show respectively the film thickness maps and the central film 
thickness measurements of PS 100,000 at 20°C as a function of entrainment speed. 
The applied load was 3 N.  
 
Figure 7.16: Evolution of film thickness maps of the 
tribological contact of PS 100,000 at 20°C 
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Figure 7.17: Film thickness of PS 100,000 solution tested at 20°C 
 
 
As seen in Figure 7.17, the experimental measurements reveal a decrease in central 
film thickness compared to the isoviscous theory. They appear to roughly follow the 
developed model based on non-isoviscous Reynolds equation allowing viscosity to 
vary over the surface area due to the change in local shear rate. 
 
The same analyses were performed on the three other polystyrene blends: PS 50,000, 
PS 20,000 and PS 5,000. Film thickness results are shown respectively in Figures 
7.18-20. For PS 50,000 and PS 20,000 solutions, the load was 5 N. In the case of PS 
5,000, a load of 7 N was applied. 
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Figure 7.18: Film thickness of PS 50,000 solution tested at 20°C 
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Figure 7.19: Film thickness of PS 20,000 solution tested at 20°C 
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Film thickness of PS 5,000 at 20°C 
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Figure 7.20: Film thickness of PS 5,000 solution tested at 20°C 
 
As for PS 100,000, all these polystyrene solutions give lower film thickness than the 
isoviscous prediction. It is also notable that the “Visc xy” model is in quite good 
agreement with experimental data for all the polymer-containing solutions. 
 
The polymer solutions were also tested at 60°C. Figure 7.21 and Figure 7.22 reveal 
respectively film thickness maps and central film thickness measurements in the case 
of polystyrene solution having a molecular weight of 100,000 g/mol. The applied load 
was 5 N. At this temperature, the measurements were only done at high speed to 
ensure a reliably measurable film thickness. 
 
 
Figure 7.21: Evolution of film thickness maps of the tribological 
contact of PS 100,000 at 60°C 
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Figure 7.22: Film thickness of PS 100,000 solution tested at 60°C 
 
Same analyses were performed on the three others polystyrene blends: PS 50,000, PS 
20,000 and PS 5,000. Film thickness results are shown respectively in Figure 7.23 -
Figure 7.25. For the three tests, the load was 5 N.  
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Figure 7.23: Film thickness of PS 50,000 solution tested at 60°C 
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Film thickness of PS 20,000 at 60°C
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Figure 7.24: Film thickness of PS 20,000 solution tested at 60°C 
 
 
All polystyrene solutions within the exception of PS 5,000 give lower film thickness 
than isoviscous prediction. It is also notable that the model “Visc xy” is in agreement 
with experimental data for all polymer-containing solutions. 
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Figure 7.25: Film thickness of PS 5,000 solution tested at 60°C 
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7.7.3 Polyisoprene solutions 
 
Figures 7.26 and 7.27 show respectively the film thickness maps and the central film 
thickness measurements of PIP 121,300 at 20°C as a function of entrainment speed. 
The applied load was 3 N. 
 
Figure 7.26: Evolution of film thickness maps of the 
tribological contact of PIP 121,300 at 20°C 
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Figure 7.27: Film thickness of PIP 121,300 solution tested at 20°C 
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The same analyses were performed on the three others polystyrene blends: PIP 
53,000, PIP 24,500 and PIP 10,000. Film thickness results at 20°C are shown 
respectively in Figures 7.28-7.30 and at 60°C in Figures 7.31-7.34. The load was 5 N.  
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Figure 7.28: Film thickness of PIP 53,000 solution tested at 20°C 
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Figure 7.29: Film thickness of PIP 24,500 solution tested at 20°C 
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Figure 7.30: Film thickness of PIP 10,000 solution tested at 20°C 
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Figure 7.31: Film thickness of PIP 121,300 solution tested at 60°C 
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Figure 7.32: Film thickness of PIP 53,000 solution tested at 60°C 
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Figure 7.33: Film thickness of PIP 24,500 solution tested at 60°C 
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Figure 7.34: Film thickness of PIP 10,000 solution tested at 60°C 
 
7.8 Discussion 
 
This section discusses the various results. The shear thinning effect and the impact of 
polymer properties on film thickness are explored. The limitations of the tests are also 
investigated. 
 
7.8.1 Shear thinning effect on film thickness 
 
It has been possible to detect isoviscous EHD films for all the studied polymer 
solutions at 20°C and 60°C over a range of entrainment speeds. 
  
From the experimental data, the shear rate within the inlet can be approximated using 
the simple equation: 
(Eq 7. 8)                                             hU≈
•
γ  
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The tables below gives the effective shear rates in the centre of the compliant EHD 
contacts for each polystyrene solution and each polyisoprene blend at a speed of 1.13 
m/s. 
 
Polystyrene solution Film thickness at 1.13 m/s Shear rate (s-1) 
PS 100,000 968 nm 9.1 x 105 
PS 50,000 902 nm 8.5 x 105 
PS 20,000 1336 nm 1.3 x 105 
20°C 
PS 5,000 1247 nm 1.2 x 106 
PS 100,000 209 nm 4.79 x 106 
PS 50,000 286 nm 3.95 x 106 
PS 20,000 312 nm 3.62 x 106 
60°C 
PS 5,000 258 nm 4.40 x 106 
Table 7.4: Evaluation of shear rates in the EHD contact inlet for polystyrene 
solutions 
 
Polyisoprene solution Film thickness at 1.13 m/s  Shear rate (s-1) 
PIP 121,300 932 nm 1.2 x 106 
PIP 53,000 667 nm 1.7 x 106 
PIP 24,500 739 nm 1.5 x 106 
20°C 
PIP 10,000 1186 nm 1.2 x 106 
PIP 121,300 262 nm 4.3 x 106 
PIP 53,000 254 nm 4.4 x 106 
PIP 24,500 270 nm 4.2 x 106 
60°C 
PIP 10,000 282 nm 4.40 x 106 
Table 7.5: Evaluation of shear rates in the EHD contact inlet for polyisoprene 
solutions 
 
According to the values revealed in Table 7.4 and 7.5, very high shear rates are 
reached in the contact inlet. They lie approximately in the range 8x105 to 5x106 s-1 for 
polystyrene solution and between 1.2x106 4.4x106 s-1 for polyisoprene solution. At 
these shear rates, referring to the flow curves plotted in Figures 6.14 and 6.15, the 
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fluid viscosity is lower than the low shear viscosity. As explained in section 4.3, this 
decrease in viscosity results from the elongation of the polymer chains in the direction 
of the shear. In the contact inlet, the shear rate and thus shear stresses present make 
polymer solution to shear, causing a diminution in film thickness compared to the 
isoviscous theory.  
 
7.8.2 Impact of molecular weight  
 
At both test temperatures, the impact of polymer molecular weight on film thickness 
reduction is noticeable. By comparing the different graphs in section 7.6, it appears 
that as molecular weight decreases, experimental values approach the isoviscous 
model. For example, polystyrene solution with the highest molecular weight shears 
thin significantly. This phenomenon causes an important reduction in film thickness 
compared to the isoviscous theory. By contrast, data obtained using fluorescence for 
polystyrene solution with a molecular weight of 5,000 g/mol are very similar to 
isoviscous results. In this specific case, there is only a slight impact of shear thinning.  
 
It can be concluded that as the molecular weight increases, the impact on film 
thickness reduction becomes larger.  
 
7.8.3 Limitations of the system 
 
This recently developed fluorescence system shows some limitations: 
 
 Calibration: 
To avoid high background noise, calibration is technically a very delicate procedure 
since a non-contact image has to be taken before each test. The complexity of the task 
comes from the fact that during all the procedure, the environment has to be kept 
extremely clean. Working at low load, impurities have to be avoided. If dust appears 
on the contact, it will affect the accuracy of the results. 
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 Minimum fluid viscosity: 
The other main limitation of the system concerns the fluid viscosity. Within the test 
conditions of this study, the dynamic viscosity at low shear rate cannot be lower than 
approximately 25 mPa.s. If the blend viscosity is too low, the film separating the 
moving surfaces will be too thin to be measured accurately. 
  
 Maximum operational temperature 
For this study the maximum temperature was limited to 60°C. Above that 
temperature, fluid viscosity decreases too much for the films formed to be 
measurable.  
 
Ideally, to approach the severe conditions occurring in motor engines, film thickness 
analyses should be performed at higher temperature, between 100 and 150°C. To 
reach these temperatures, first the stability of the equipment needs to be improved. 
Secondly, PMMA has to be replaced by another soft and smooth material which 
tolerates higher temperature, since PMMA melting temperature is only 130°C. 
 
7.9 Conclusion 
 
This chapter has described the application of a recently developed technique based on 
fluorescence to measure film thickness of a polymer solution in a compliant contact. It 
is based on lubricating a low pressure contact using a dyed solution. To ensure low 
pressure conditions, a compliant PMMA hemisphere was loaded against a glass disc. 
Film thickness maps of the lubricant film in the contact were obtained from the 
intensity of the emitted radiation.  
 
The experimental data obtained from this technique were compared to the isoviscous 
theory and a model based on Reynolds equation which allows the viscosity to vary 
over the area of the contact. The Carreau-Yasuda parameters from Chapter 6 were 
implemented in the model. This produced a theoretical evaluation of the impact of 
shear thinning on film thickness. 
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The results showed that high shear stresses occur in the contact inlet. These stresses 
cause the polymer solutions to shear thin, resulting in a noticeable decrease in film 
thickness compared to the isoviscous theory. Polymer molecular weight strongly 
influences the shear thinning effect. As the molecular weight increases, the decrease 
in film thickness compared to the isoviscous model becomes larger. 
 
The non-isoviscous Reynolds model revealed quite good agreement with the 
experimental data. It appears to be a convenient tool to quantify the impact of shear 
thinning on film thickness.  
 
All these results will be correlated with friction measurements in Chapter 8. 
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Chapter 8: 
 
 
Friction measurement in compliant contact 
 
 
 
This chapter focuses on friction measurements of polymer solutions in compliant 
contacts. After a short description of the test method, the experimental data are shown 
and compared with two models. One model is based on the non-shear thinning theory 
and the second allows variable viscosity across the area of the contact. Finally the 
results and the limitations of the system are discussed. 
 
8.1 Introduction 
 
The present work relates the effect of polymer shear thinning to hydrodynamic 
friction. 
 
To experimentally analyse the impact of shear thinning on hydrodynamic friction, a 
low contact pressure, i.e. pressure less than approximately 50 MPa, is required in 
order to avoid piezoviscous effects, as explained in Chapter 7. To achieve these 
conditions, and thus to operate in the isoviscous-elastic lubrication regime, a similar 
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non-conforming contact to that used for film thickness analysis as described in 
Chapter 7 was established.  
 
After a brief review on friction measurement in compliant contact, this chapter 
describes in detail the test method and the test conditions used in this project. The 
friction behaviour of the base fluid DOP and polymer solutions is measured and then 
compared with the rheological and film thickness measurements described in 
Chapters 6 and 7 respectively. 
 
8.2 Friction measurement in a compliant contact 
 
One of the most common pieces of equipment used to evaluate friction characteristics 
of lubricants is the Mini Traction Machine (MTM). The rig, developed by PCS 
Instruments, London, UK, is schematically represented in Figure 8.1. 
 
 
Figure 8.1: Scheme of the Mini Traction Machine 
 
A standard MTM test consists of evaluating friction between two lubricating surfaces. 
As seen in Figure 8.1, the contact is typically formed by a ball and a smooth disc, both 
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made of AISI 52100 steel. The contact is fully immersed into a lubricant pot 
surrounded by heaters and the temperature can reach 150°C.  
 
The speed of each component is controlled separately. Thus different slide/roll ratio 
conditions are covered. Typically the speed can go from 0.01 to a maximum of 2 m/s.  
The upper ball specimen is mounted on a pivoting shaft, which can rotate around one 
axis normal to the direction of the load and one axis normal to the friction force 
direction. 
 
A force transducer, attached to the ball shaft, evaluates the lateral force on the ball. 
Friction coefficient, defined by the ratio of the applied load and the measured lateral 
force, is therefore obtained. 
 
Typically in an MTM, the ball is loaded against the flat disc using a force varying 
between 5 and 75 N. In these conditions, for the steel surface used, the contact 
pressure is typically in the 1 GPa region [112]. At such high pressure, piezoviscous 
effects occur. 
 
To reduce the contact pressure in order to analyse friction in compliant contact, steel 
can be replaced by much more compliant materials. This is usually done when 
simulating bio-tribology applications. For example, Vicente et al. [113] investigated 
the lubrication properties of some non-adsorbing polymers used as thickeners in food 
industry. A soft elastohydrodynamic contact was produced between a steel ball loaded 
against the flat surface of a silicone elastomer disc. The applied load was 3 N. A slide 
roll-ratio of 50% was used in all measurements and the entrainment speed varied 
between 0.1 and 1 m/s. In these specific conditions, the maximum contact pressure 
was evaluated at only 0.57 MPa. Ingram et al. [114] also modified a MTM rig to 
measure friction within low contact pressure. The change was of particular interest 
within the context of the current project since the equipment was modified to apply a 
precise, low load and to measure the resulting low frictional forces. The standard load 
beam of the MTM was replaced by a thinner beam, allowing greater deflection under 
loading. The range of the applied load was reduced to between 0.5 and 8 N and the 
MTM software was modified in order to accurately detect lower friction force. Ingram 
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et al. [114] showed that the lowest detectable friction force by the MTM rig was 0.1 
N.  
 
Within the context of this project, as described in section 2.5.2, Couette flow and 
Poiseuille flow contributions were calculated for the base fluid DOP at a load of 1 N 
at room temperature, at a sliding speed of 1 m/s. A theoretical friction coefficient 
estimate of only 0.02 was found. At a load of 1 N this implies the need to measure 
friction forces of less than 0.01 N, which is not feasible on the existing MTM. 
Consequently alternative equipment containing a more sensitive sensor was required. 
Another constraint that relatively high sliding speeds were required, in the range 0.01 
to 1 m/s in order to generate full hydrodynamic films. Most commercial tribometers 
that are able to measure very low friction values operate only at low speeds.  
 
A tribometer supplied by the Center of Tribology Inc. (CETR), USA, was found to be 
suitable to detect the low friction force of the analysed solutions in the hydrodynamic 
lubrication regime and to reach the sliding speed range of interest. Details regarding 
this equipment are described in the following section. 
 
8.3 Test method 
 
In this section, the experimental technique is first explained. Then the tribological 
contact is described. Finally the test profile is given. 
 
8.3.1 Experimental technique 
 
For this study, the tribometer UMT-2 from Center for Tribology Inc. (CETR) was 
used. The equipment is shown in Figure 8.2.  
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Figure 8.2: Tribometer UMT-2 from CETR 
 
Like the MTM rig, the tribometer consists of an upper specimen, such as a ball or a 
hemisphere, loaded against a lower flat surface. The applied load can typically vary 
between 0.1 and 5 N. A small lubricant container can be directly attached to the lower 
surface to allow fully flooded conditions.  
 
Contrary to the MTM machine, the speed of the upper and lower specimen cannot be 
controlled separately. Only the lower specimen can be driven. Consequently the 
tribological contact operates either in pure rolling or in pure sliding conditions.  
 
The CETR rig is composed of a high speed rotary drive and a highly sensitive force 
sensor. Various drives and sensors are available with different speed and load ranges 
respectively. In this study the rotary drive S25UE was used. This can reach a 
maximum speed of 2800 rotations per minute and can support a maximum load of 5 
N. The drive contains an encoder so that the total number of rotation can be measured 
and the speed can be obtained in meter per second. 
 
To accurately measure friction, the rig is equipped with the highly sensitive FL model 
force sensor. The coefficient of friction is calculated from the measurements of the 
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friction force and the normal load. The FL model typically covers the range lying 
between 5 and 500 mN with a resolution of 50 µN.  
 
8.3.2 Tribological contact 
 
To correlate film thickness measurements done in the previous chapter with friction 
results, quasi-similar test conditions were applied. The tribological contact was 
composed of a PMMA hemisphere loaded against a glass slide operating in pure 
sliding conditions. The specimen configuration is shown in Figure 8.3 below. 
 
 
 
Figure 8.3: Diagram of the specimen configuration within the tribometer 
 
The PMMA hemisphere was made using the same replica kit supplied by Taylor 
Hobson Ltd that was employed to prepare film thickness test samples. The procedure 
is fully explained in section 7.4.2.2.  
 
Due to the high sensitivity of the force sensor, to optimize the stability of the contact, 
the size of the PMMA hemisphere was reduced from a radius of curvature of 9.42 mm 
to 4.5 mm. The PMMA hemisphere was attached to a sample holder and loaded 
against a microscope glass slide. As seen in Figure 8.3, the slide was glued directly to 
the surface of the high speed drive to ensure a perfectly flat surface.  
 
The mechanical properties of both materials are given in the table below. 
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Property PMMA Glass 
Young’s modulus 2500 MPa 65 GPa 
Poisson ratio 0.35 0.24 
Table 8.1: PMMA and glass properties 
   
Based on the mechanical properties of PMMA and glass, the mean contact pressure 
was calculated according to the method described in section 7.4.3. and plotted as a 
function of load as shown in Figure 8.4.  
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Figure 8.4: Mean contact pressure as a function of load for 
a PMMA hemisphere with a radius of 4.5 mm 
 
 
As seen in Figure 8.4, the mean contact pressure stays below 50 MPa at a load of 1 N. 
At this pressure, negligible piezoviscous effect will occur. 
 
To check that the experimental procedure operates in the isoviscous-elastic lubrication 
regime, the EHL regime map was plotted. Figure 8.5 shows the parameters gv and ge 
of the base fluid DOP and the highest molecular weight polymer solutions evaluated 
at a load of 1 N at a temperature of 20°C. The sliding speed was taken to be 1 m/s.  
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Figure 8.5: Map of the lubrication regimes 
 
According to the regime diagram above, the friction test operates in the required soft-
EHL lubrication regime. 
 
8.3.3 Standard testing method 
 
Before running a friction test using the CETR equipment, the holder supporting the 
PMMA hemisphere has first to be aligned with the rotation axis using a small pin 
placed in the centre of the drive. Once the centre of rotation is determined, the upper 
specimen is slightly moved to the left, horizontal to the drive, to create a sliding 
radius. To optimize the stability of the contact, this radius has to remain very low, 
typically below 3 mm. Then the upper specimen is immersed in the lubricant pot and 
loaded against the glass surface.  
 
The test profile shown in Figure 8.6 was selected for all the studied solutions. As seen 
in the figure below, the speed of the drive is first set at 2,400 rpm and then 
progressively reduced in steps of 200 rpm to finally reach a speed of 1,000 rpm. At 
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each speed, the friction force and the normal force are recorded over a period of time 
of 10 s and an average friction coefficient is obtained.  
 
At the end of the test, the speed is converted to “m/s” unit.  
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Figure 8.6: Test profile of friction test 
 
 
8.4 Friction models 
 
For a point contact, friction can be theoretically obtained by integrating the shear 
stress on the contact surface as follow: 
 
(Eq 8.1)                                                   ∫∫=
A
dxdyF τ    
 
As described in section 2.5.2, the shear stress can be defined in terms of Couette flow 
and Poiseuille flow contribution on friction: 
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(Eq 8.2)                                  
 
 η – fluid viscosity 
 h – fluid film thickness 
 us – sliding speed 
 p - pressure 
 
Two scenarios based on the equations above were considered to predict the friction 
behaviour of the studied polymer solutions: 
 
 1. The viscosity of the fluid stays constant. This model is referred as 
“Isoviscous”. 
 
 2. The fluid viscosity varies across the area of the contact. The Carreau-
Yasuda parameters obtained from the flow curves at 20°C were implemented 
into the model. They are summarized in Tables 6.2 and 6.3. In the next 
section, it is denoted by “Visc xy”. A full description of the model is given in 
Appendix D. 
 
8.5 Results 
 
This section presents experimental friction results obtained for the base fluid DOP, 
polystyrene solutions and polyisoprene blends at room temperature with a load of 1 N 
at 20°C. 
 
On each graph, the experimental values of polymer solutions are represented by white 
triangles. They are compared with the “Isoviscous” and “Visc xy” models, which are 
respectively symbolised by a plain dark blue line and a plain light blue line.  
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8.5.1 Base fluid DOP 
 
To check the repeatability of the technique, the base fluid was tested three times. The 
experimental values were then compared with the isoviscous theory as shown in 
Figure 8.7. 
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Figure 8.7: Coefficient of friction of DOP as a function of sliding speed 
 
As seen in Figure 8.7, the results show good repeatability at high speeds and are in 
close agreement with the theory. It can be concluded that accurate hydrodynamic 
friction results are obtained using this technique. The overall shape of the friction 
versus speed curve has the form of a Stribeck curve, with high friction due to mixed 
lubrication at slow speed, progressing to low friction when a fully-separating fluid 
film is generated at higher speed. 
 
The film thickness evaluation based on the isoviscous theory shows a value of 364 nm 
at a load of 1 N and a sliding speed of 0.8 m/s.  
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8.5.2 Polystyrene solutions 
 
This section describes the friction behaviour of polystyrene solutions. The results are 
shown in the figures below.  
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Figure 8.8: Friction coefficient of PS 100,000 at 20°C 
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Figure 8.9: Friction coefficient of PS 50,000 at 20°C 
 
 Chapter 8 – Friction Measurement in Compliant Contact 
 
 164 
 
 
0
0.02
0.04
0.06
0.08
0.4 0.6 0.8 1 1.2
Sliding speed (m/s)
CO
F
(a) Isoviscous DOP
(b) Visc xy Experimental values
Friction of PS 20,000 at 20°C
 
Figure 8.10: Friction coefficient of PS 20,000 at 20°C 
 
 
Friction of PS 5,000 at 20°C
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Figure 8.11: Friction coefficient of PS 5,000 at 20°C 
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8.5.3 Polyisoprene solutions 
 
This section shows polyisoprene solution friction results. 
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Figure 8.12: Friction coefficient of PIP 121,300 at 20°C 
 
Friction of PIP 53,000 at 20°C
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Figure 8.13: Friction coefficient of PIP 53,000 at 20°C 
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Friction of PIP 24,500 at 20°C
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Figure 8.14: Friction coefficient of PIP 24,500 at 20°C 
 
 
Friction of PIP 10,000 at 20°C
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Figure 8.15: Friction coefficient of PIP 10,000 at 20°C 
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8.6 Discussion 
 
The impact of polymer shear thinning on friction and the main limitations of the test 
are now discussed. 
 
8.6.1 Correlation with film thickness measurements 
 
Since the film thickness measurements done in Chapter 7 were done with a larger 
PMMA hemisphere, friction measurements cannot be directly related to the film 
thickness evaluations. However, the film forming behaviour analysed in Chapter 7 
confirmed the impact of shear thinning on film thickness. The analyses made at 20°C 
revealed a decrease in film thickness compared to free polymer solutions of similar 
viscosity. So it can be assumed that film thickness would also be lower than the 
isoviscous theory in the case of a smaller contact area, i.e. with a PMMA hemisphere 
of a 4.5 mm radius, and that polymer solutions would also shear thin in the contact 
inlet.  
 
The isoviscous theory and the model developed in the previous chapter were used to 
evaluate the film thickness of all the studied polymer solutions in the experimental 
conditions used for friction measurements, i.e. considering a PMMA hemisphere of a 
4.5 mm radius, a load of 1 N and a sliding speed of 0.8 m/s. From these evaluations, 
the shear rate present in the contact inlet was calculated. All the values are shown in 
the table below. 
 Chapter 8 – Friction Measurement in Compliant Contact 
 
 168 
 
Polymer 
solution 
Theoretical 
isoviscous film 
thickness at 0.8 m/s 
Theoretical “Visc 
xy” film thickness 
at 0.8 m/s 
Shear rate (s-1) 
PS 100,000 766 nm 484 nm 2.1 x 106 
PS 50,000 721 nm 468 nm 2.1 x 106 
PS 20,000 674 nm 481 nm 2.1 x 106 
PS 5,000 600 nm 428 nm 2.3 x 106 
PIP 121,300 665 nm 463 nm 2.2 x 106 
PIP 53,000 636 nm 468 nm 2.1 x 106 
PIP 24,500 592 nm 458 nm 2.2 x 106 
PIP 10,000 518 nm 460 nm 2.2 x 106 
Table 8.2: Theoretical film thickness and shear rate evaluations in the CETR 
contact inlet 
 
The theoretical values shown in Table 8.2 confirm that polymer solutions display a 
decrease in film thickness compared to the isoviscous theory. Based on these 
theoretical values, the shear rate present in the contact inlet should be in the range of 
106 s-1, which would cause the polymer chain to shear thin. 
 
As seen in Figures 8.8 - 8.11, all the polystyrene solutions show experimental friction 
values lower than non-shear thinning theoretical predictions. Similar observations can 
be made for the polyisoprene blends seen in Figures 8.12 - 8.15. Based on the 
theoretical assumptions, this friction reduction can be ascribed to the temporary shear 
thinning of the polymer solutions.  
 
8.6.2 Shear thinning model  
 
A friction model, based on hydrodynamic theory and the experimental flow curve 
measurements described in Chapter 6, was developed to predict the friction behaviour 
of the studied polymer solutions. Friction predictions of this model are shown as 
“Visc xy”.  Figures 8.8 – 8.15 show relatively good correlation between the 
experimental results and the theoretical model.  
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The non-isoviscous model thus appears to be a convenient tool to predict the 
hydrodynamic friction behaviour of non-Newtonian fluids. 
 
The observed differences between the experimental data and the predictions are 
probably mainly due to the approximate determination of the Carreau-Yasuda 
parameters. These constants are obtained from flow curves plotted at 20°C. As seen in 
the rheological flow curves in Figures 6.14 and 6.17, at low temperature the dynamic 
viscosity of the fluids was measured only from low to medium shear rate, and could 
not cover the high shear rate range.  
 
8.6.3 Limitations of the test 
 
In this study, two limitations should be noted: 
 
 Test temperature: 
The tests were only done at room temperature. The CETR equipment available 
did not contain a heating chamber and a heating system could not be directly 
attached to the high speed drive due to weight issues since the drive could only 
support a maximum weight of 500 g.  
 
To address this in future, a heating chamber could be built around the drive to 
allow the fluid to be tested at high temperature. 
 
 Force sensor: 
The high sensitivity of the sensor limited the friction analysis to very small 
contact areas. It was found that, for a ball on disc contact, better results were 
obtained for small contact areas. When the radius of curvature of the ball was 
too high, large fluctuations occurred during friction measurements and 
inaccurate results were obtained. The reasons for this were not clear but the 
system was more adapted to study pin-on disc contact than ball on disc.  
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8.7 Summary 
 
In this chapter, the hydrodynamic friction of polymer solutions was evaluated in a 
compliant ball on flat sliding contact and related to the solution rheological and film-
forming properties.  
 
As with the film thickness evaluation described in Chapter 7, the tribological contact 
was composed of a PMMA hemisphere and a flat glass surface. The combination of 
low load and low modulus of the PMMA ensured that the contact operates in the soft 
EHL lubrication regime, in order to avoid any piezoviscous effect. 
  
The measurements revealed a considerable reduction in friction for polymer solutions 
compared to isoviscous theory, i.e. compared to a polymer-free oil of comparable low 
shear rate viscosity. This decrease was ascribed to polymer shear thinning.  
 
The experimental data also showed good agreement with friction predictions based on 
non-isoviscous hydrodynamic theory when shear thinning was included based on 
rheological measurements. The model thus appears to be a convenient tool to quantify 
the impact of friction of non-Newtonian solutions.  
 
This work confirms the large impact of VII shear thinning on hydrodynamic friction. 
Consequently, to increase fuel economy, in most systems future improvements are 
probably more likely to come from rheological refinements rather than from improved 
boundary friction modifier additives.  
 
This chapter closes the work done on compliant contact. The two following chapters 
focus on different aspects of VII solutions. Chapter 9 will analyse the EHD behaviour 
of polystyrene and polyisoprene solutions under high pressure. Finally the last 
experimental chapter will investigate the shear thinning behaviour of two commercial 
viscosity modifiers currently used in industry. 
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Chapter 9: 
 
 
EHD BEHAVIOUR AT HIGH PRESSURE 
 
 
 
This chapter outlines the elastohydrodynamic lubrication behaviour of polymer 
solutions under high pressure. After an overview of the different techniques used to 
evaluate the film thickness in a lubricated contact, a brief review of polymer solution 
behaviour under high pressure conditions is given. Then the optical method employed 
for this study is described and the experimental data obtained for the base fluid DOP 
and the polystyrene and polyisoprene solutions are shown. Finally the results are 
discussed.  
 
 
9.1 Introduction  
 
In addition to the study of polymer solutions within a compliant contact, the 
behaviour of polymer blends under very high pressure was analysed.  
 
Several methods for measuring lubricant film thickness in high pressure contacts have 
been developed in the last fifty years. For this project, optical interferometry, which 
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was originally developed at Imperial College London, was chosen to evaluate the film 
thickness of the base fluid DOP and the VII solutions.  
 
The polymer blends described in Chapter 5 were analysed. This includes polystyrene 
and polyisoprene of various molecular weights dissolved in DOP. The main 
rheological properties of the solutions studied are listed in Tables 5.2 and Table 5.3 in 
Chapter 5.  
 
9.2 Background 
 
This section briefly describes the most common experimental methods used to 
measure lubricant film thickness under high pressure conditions. This includes both 
non-optical and optical techniques. 
 
9.2.1 Non optical film thickness measurements 
 
In the 1950s, several non-optical techniques were developed to evaluate the film 
thickness in a lubricated contact. One of the first methods to be employed was based 
on electrical resistance measurements of the lubricating film. The test consists of 
applying an electrical current across the contact. The film has an electrical resistance. 
If there is no protective film, the resistance is evaluated at zero. As the film becomes 
thicker, the measured resistance increases. This technique is a very simple method to 
detect the presence of a lubricating film. However, the system shows some problems 
in evaluating the thickness of the film [115].  
 
In 1961, Crook [116] contributed to major improvements in the evaluation of oil film 
thickness. He developed the electrical capacitance method. Using a chromium 
electrode, the changes in electrical capacity of the film through the contact were 
measured. These variations were directly linked to the film thickness. This system is 
still widely exploited today since it is very easy to use and can be applied to 
metal/metal contacts. However, the reliability of the technique requires a lubricant 
film which fully separates the two machine elements, with no asperity contact. To 
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obtain accurate results, the dielectric constant of the oil is required. This value can 
vary significantly with temperature and pressure [115].  
 
Film thickness between two rubbing surfaces can also be detected using 
microtransducers. These small, metallic components are deposited on to the surfaces 
of the contacting bodies. They can measure film thickness, temperature and contact 
pressure. This method shows accurate results at relatively low contact pressure and 
low sliding speed [117]. Some limitations occur at high temperature. In severe 
environments, the bond between the microtransducer and the substrate becomes 
weaker and can lead to a lack of adhesion. 
 
9.2.2 Optical interferometry 
9.2.2.1 Principle of optical interferometry 
 
In parallel to the development of non-optical methods, the optical interferometry 
technique was developed in the 1960s. This is today one of the most common 
techniques used to measure thin lubricant films in concentrated contacts. It consists of 
a tribological contact between a transparent surface and a reflective, metallic element, 
usually a smooth steel ball.  
 
In the originally-developed form of optical interferometry, the ball is loaded against a 
glass disc coated with a thin semi-reflective chromium coating. The contact area is 
illuminated by light. Some light is reflected from the chromium coating while some 
goes through the lubricant to be reflected from the steel ball. These two light beams 
have different optical path lengths and so combine to create an interference image 
whose pattern depends on the lubricant film thickness. Calibration enables the 
visually-observed interference images to be translated to film thicknesses.  
 
The principle is schematized in Figure 9.1 below. 
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Figure 9.1: Principle of optical interferometry 
 
The two reflected beams produce constructive or destructive interference, both 
depending on the optical path difference d expressed in equation (Eq 9.1): 
 
(Eq 9.1)                                           θcos2 ×= nhd  
 
 n - Refractive index of the sample 
 h - Perpendicular separating distance 
 θ - Angle of incidence 
 
The angle θ is generally very small, below 8° and its cosine is usually considered 
equal to unity. Depending on the type of interference, the film thickness h can be 
calculated as follow: 
 (Eq 9.2): Constructive interference     
n
Nh
2
)( λφ−
=  with N=1,2,3… 
(Eq 9.3): Destructive interference        
n
N
h
2
)21( λφ−+
=  with N=0,1,2,3… 
 
 N - Fringe order number 
 φ  - Phase change on reflection 
 λ  - Light wavelength 
 
Different types of light can be used to illuminate the contact area: monochromatic, 
dichromatic or white lights. Monochromatic illumination produces a series of dark 
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and light fringes whereas dichromatic and white lights create distinctive sets of 
fringes.  
 
In the 1960s, early studies revealed promising results using optical interferometry 
[118]. In 1966, Gohar et al. [119, 120] analysed the variation of a lubricant film 
between a steel ball and a stationary glass surface having a high reflective index. In 
1968, the technique was significantly improved by Foord et al. [121, 122]. To observe 
clearer interference fringes, Foord added a thin semi-reflective chromium layer on the 
glass disc. For the first time, the presence of the horseshoe shape in the inlet contact 
described in Chapter 2 was experimentally proved. At that time the technique could 
not detect very thin film. The lowest measurable film using a chromatic light was 
about 130 nm.  
 
9.2.2.2 Ultra-thin film interferometry 
 
To overcome this limitation, Johnston, Wayte and Spikes [123] developed the ultra-
thin film interferometry method. A spacer layer made of silica was deposited on the 
chromium layer. This material was chosen since it is easy to homogeneously vacuum 
deposit on the glass surface and its reflective index is close to the index of most of the 
base stocks used in lubricant formulation.  
 
The coating acts like a solid oil layer and produces interference fringe even without 
any oil present in the contact. The spacer layer is measured at the beginning of the test 
and then subtracted from each lubricant film thickness measurement. Therefore the 
equation to evaluate film thickness for constructive interference becomes: 
 
(Eq 9.4)                              
oil
spacerspacer
oil
n
hnN
h
2
2)( −−
=
λφ
 with N=1,2,3… 
 
The technique was also significantly improved by the use of a spectrometer. This 
ensures the precise determination of the wavelength of the light. It disperses the 
reflected light and produces a band spectrum captured by a CDD camera. An image is 
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obtained and the wavelength at which maximum constructive interference occurs is 
used to calculate the central film thickness. 
 
These two main modifications have allowed the system to detect film down to about 2 
nm with an accuracy of ± 1 nm. 
 
9.2.3 Review on polymer solution film thickness behaviour under 
high pressure 
 
In 1996, Smeeth et al. [40, 41, 124] investigated the film forming behaviour of 
different commercial viscosity modifier solutions. The EHD film thickness was 
evaluated for polymethacrylate (PMA), hydrogenated isoprene star copolymer (HIP-
S), polystyrene-isoprene block copolymer (PSB), olefin copolymer (OCP), dispersant 
poly(ethylene propylene) copolymer (OCP-D) and mixed PMA/Olefin copolymer 
(PMA-O) using ultra-thin film interferometry at speeds varying between 0.001 and 5 
m/s at 120°C. Figure 9.2 shows the formation of a boundary film in the case of PMA, 
PMA-O and dispersant-functionalized olefin copolymers. These three polymers, being 
relatively polar compared to the other viscosity modifiers, adsorb well on the surface. 
The presence of such a protective film would cause a significant reduction in friction 
by maintaining fluid film conditions in the contact down to low entrainment speed. 
 
 
Figure 9.2: Boundary film-forming behaviour of six viscosity 
modifier polymers, reproduced from Smeeth et al. [40] 
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Other studies focused on the impact of the functionality of polymers on boundary film 
formation. In 1996, Georges et al. [125] compared some olefin copolymer with a 
dispersant olefin copolymer. It was shown that the highly polar dispersant polymer 
formed a very thick boundary film on cobalt surfaces.  
 
In 1997, Mitsui et al. [86, 91] analysed the film thickness of low molecular weight 
polymers using optical interferometry. Polystyrene, polyisoprene and 
polymethylmethacrylate, which are normally used as chromatographic standards, 
were analysed. These polymers were available at different molecular weights with a 
very narrow molecular weight distribution. The study revealed that polyisoprene 
molecules adsorb on the surface and form a viscous boundary film. The thickness of 
the film depends on the molecular weight of the polymers. Polymethacrylate formed 
very thin film. Interestingly, polystyrene dissolved in DOP did not follow the 
isoviscous theory. The example of a polymer solution containing 8% wt of 
polystyrene with a molecular weight of 52,000 g/mol is shown in Figure 9.3. A 
reduction in film thickness at low speed is noticeable. The authors ascribed this 
diminution to polymer depletion. It was suggested that if polymer molecules do not 
adsorb on the surface, a reduced concentration of polymer is present on the surface 
compared to the bulk solution.  
 
 
Figure 9.3: Film thickness results for PS (Mp=52,000 g/mol), 8% 
wt in DOP tested at 60°C, reproduced from Mitsui et al. [91] 
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In 2006, Müller et al. [87] focused on the study of polymethacrylate. Their 
investigation revealed that non-functionalized PMAs do not form thick boundary 
films on the moving surfaces, while some functionalized PMA molecules adsorb on 
the surfaces. They suggested that the formation of a thick boundary film is favoured 
by three parameters: 
 the presence of highly polar functionalized groups 
 the block configuration of copolymer containing functional groups 
 polymers with medium/high molecular weight.  
 
9.3 Test method 
 
This section describes the experimental technique and reveals the base fluid results. 
 
9.3.1 Experimental technique 
 
The test rig used to measure film thickness is shown in Figure 9.4. 
 
 
Figure 9.4: Optical interferometry rig 
 
 Chapter 9 – EHD Behaviour at High Pressure 
 
 179 
As seen in Figure 9.4, a smooth steel ball with a diameter of 19 mm supported by a 
small carriage is loaded against a glass disc. Typically, the applied load is 20 N. An 
AISI 52100 grade 10 steel is used. The ball, which is half immerged in the lubricant, 
reflects approximately 60% of the incident light.  
The speed of the disc is controlled and varies between 2 mm/s and 1.15 m/s. Since the 
rotation of the glass disc drives the rotation of the ball, the lubricant is constantly 
brought into the contact. The system works in pure rolling conditions.  
The temperature of the pot is controlled by two heaters and can vary from 20 to 
150°C. 
To optimise the film thickness evaluation, the equipment contains a trigger system 
which captures the image of the contact at the exact location where the spacer layer 
was previously measured.  
 
9.3.2 Base fluid measurements 
 
The first solution to be tested was the base fluid DOP. Figure 9.5 shows the film 
thickness measurements of DOP at three different temperatures. The sample was 
tested at 20, 60 and 100°C over the speed range between 0.02 and 1.15 m/s. Each data 
point corresponds to the average of three measurements. 
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Figure 9.5: Film thickness of DOP evaluated at different temperatures 
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Dowson and Hamrock [6] described the central EHD film thickness for a point EHD 
contact. They related the central film thickness hc to the entrainment speed U as 
described by the equation (Eq 9.5): 
 
(Eq 9.5)                                                ( ) 67.0053.0 ηα Ukhc =  
 
 U - Entrainment speed 
 k - Parameter depending on load, geometry and materials. For the tribological 
contact used in this study, k takes the value of 0.0284 (units: N-0.14 m0.58) 
 R - Effective radius (m) 
 W - Load (N)  
 E - Effective elastic modulus (GPa) 
 
At the three different temperatures, the tested fluid obeys the Dowson and Hamrock 
prediction. The film increases proportionally to the entrainment speed to a power 
comprised between 0.67 and 0.76 depending on the test temperature. These values are 
close to the index 0.67 defined by Dowson and Hamrock. The index varies slightly 
with viscosity which varies with temperature. 
 
9.3.3 Determination of pressure-viscosity coefficients of base fluid 
DOP 
 
The viscosity of a fluid highly depends on the contact pressure. As explained in 
section 2.4.2, according to the Barus law, the viscosity increases exponentially with 
pressure. A fluid pressure-viscosity coefficient, denoted in the literature α, quantifies 
the influence of pressure on viscosity. 
 
In this section, a method to determine α from EHD film thickness measurements is 
described and film thickness behaviour of polymer solutions under high pressure is 
discussed. 
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The pressure-viscosity coefficient α of a fluid, commonly expressed in GPa s-1, is 
defined at a temperature T as follow: 
(Eq 9.6)                                                 
Tp






∂
∂
=
η
η
α
1
 
 α - Pressure-viscosity coefficient 
 η - Lubricant dynamic viscosity 
 p - Pressure 
 
This parameter can be simply evaluated from the EHD film thickness measurements 
using the Dowson and Hamrock equation (Eq 9.5). 
By defining a parameter A by the equation (Eq 9.7) as 
)log(67.0)log(53.0log 0ηα ++= kA , the equation (Eq 9.5) becomes: 
 
(Eq 9.8)                                   )log(67.0)log( uAhc +=  
By plotting film thickness versus entrainment speed on a logarithmic scale, A is given 
by the intercept. From this value and the dynamic viscosity of the sample, the 
viscosity coefficient is calculated using the equation (Eq 9.6). 
 
For this project, the pressure-viscosity coefficient of DOP was evaluated at 20, 60 and 
100°C. To get an accurate value, the coefficient alpha was calculated using 
experimental film thickness measurements shown in Figure 9.5 over the studied range 
of entrainment speeds. An average value is revealed in Table 9.1. 
 
Temperature (°C) Pressure-viscosity coefficient 
average (GPa-1) 
20 19.5 
60 16.2 
100 12.0 
Table 9.1: Pressure-viscosity coefficients of DOP 
 
The pressure-viscosity coefficients derived from EHD film thickness are compared 
with the alpha values from ASME pressure-viscosity data [126] in Figure 9.6. The 
results correlate satisfactorily with the ASME reference.  
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Figure 9.6: Pressure-viscosity coefficient of DOP at different temperatures 
 
9.4 Film thickness results 
 
In this section, film thickness measurements of polyisoprene and polystyrene 
solutions are compared with the theoretical values predicted based of non shear 
thinning model. To calculate these theoretical film thickness according to Dowson 
and Hamrock equation [17] with a reasonable degree of accuracy, the pressure-
viscosity coefficient of the polymer blend was assumed to be similar to the base fluid 
at the studied temperature.  
 
On each graph, three curves appear. The plain black line corresponds to the film 
thickness of the base fluid DOP. The dashed line, denoted “non-shear thinning”, 
indicates the theoretical non-shear thinning film thickness. The data points indicate 
the experimental film values of the sample.  
 
9.4.1 Polystyrene solutions at 60°C 
 
This section shows the film thickness measurements of the four polystyrene blends at 
60°C measured at an entrainment speed varying between 0.002 and 1.15 m/s.  
 Chapter 9 – EHD Behaviour at High Pressure 
 
 183 
 
 
PS 5,000 tested at 60°C
1
10
100
1000
0.001 0.01 0.1 1 10
log speed (m/s)
lo
g 
h 
(n
m
)
Experimental values Non-shear thinning DOP
 
Figure 9.7: Film thickness of PS 5,000 solution at 60°C 
 
 
PS 20,000 tested at 60°C
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Figure 9.8: Film thickness of PS 20,000 solution at 60°C 
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PS 50,000 tested at 60°C
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Figure 9.9: Film thickness of PS 50,000 solution at 60°C 
 
 
PS 100,000 tested at 60°C
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Figure 9.10: Film thickness of PS100,000 solution at 60°C 
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9.4.2 Polyisoprene solutions at 60°C 
 
Polyisoprene solutions were tested at 60°C at an entrainment speed between 0.002 
and 0.410 m/s. The results appear in Figure 9.11 – Figure 9.14. 
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Figure 9.11: Film thickness of PIP 10,000 solution at 60°C 
 
PIP 24,500 tested at 60°C
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Figure 9.12: Film thickness of PIP 24,500 solution at 60°C 
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PIP 53,000 tested at 60°C
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Figure 9.13: Film thickness of PIP 53,000 solution at 60°C 
 
 
 
PIP 121,300 tested at 60°C
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Figure 9.14: Film thickness of PIP 121,300 solution at 60°C 
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9.5 Discussion 
 
This section discusses the film thickness results of polystyrene solutions and 
polyisoprene blends in high pressure, non-conforming contact. Both studies are 
divided into two main parts. First the boundary film behaviour is analysed. Secondly 
the film properties at high speed are studied. 
 
9.5.1 Polystyrene solutions 
9.5.1.1 Boundary film behaviour of polystyrene solutions 
 
As seen in Figure 9.7 – 9.10, PS 5,000 polystyrene solution behaves differently 
compared to higher molecular weight polymers. Contrary to the other tested solutions, 
this blend follows the non-shear thinning prediction at the tested temperature.  
 
At low speed, as the molecular weight increases, a reduction in the film thickness is 
noticeable compared to the non-shear thinning theory. The same phenomena was 
observed by Mitsui et al. [91]. The author ascribed this phenomenon to polymer 
depletion. It was suggested that reduced concentration of polymer is present on the 
surface compared to the bulk solution.  
 
The molecular weight seems to have an impact on this depletion. As shown in Figure 
9.10, PS 100,000 polystyrene solution shows a larger decrease in film thickness than 
the other tested solutions. High molecular weight particles have negligible adsorption 
resulting in a significant phenomenon of polymer depletion.  
 
9.5.1.2 Shear thinning correction  
 
At highest speed, a further reduction compared to the isoviscous theory is evident. 
This reduction becomes more important as the molecular weight rises. This effect can 
be attributed to the polymer shear thinning.  
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Based on the rheological behaviour of polymer solutions, Bair et al. [127] introduced 
a shear thinning correction factor noted Φ to predict the elastohydrodynamic film 
thickness of a non-Newtonian solution hNN. This factor is applied to the film thickness 
hc determined by the Dowson and Hamrock equations [6]. The elastohydrodynamic 
film thickness of a non-Newtonian fluid hNN can thus be theoretically estimated. In 
pure rolling conditions, Φ corresponds to: 
 
(Eq 9.9)                                  
7.1)1(6.3
79.01
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 ηLowshear – Low shear dynamic viscosity of the blend 
 u – Absolute value of rolling velocity 
 G, n – Shear thinning parameters [127] 
 
Another parameter, named the Weissenberg number, was defined by Bair et al. [128] 
in a previous study. This number, denoted Γ , quantifies the extent of shear thinning in 
the contact inlet in pure rolling conditions. It is described by the equation below: 
 
(Eq 9.10)                                    
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u
c
Lowshearη
 
 
From several experimental works [127, 129], Bair defined the limitation of the model 
as shown in Figure 9.15. According to experimental data, the correction factor is 
considered as accurate when the parameter n is located above the curve. Also he 
limited his study to solutions having a Weissenberg number below 25 and a correction 
factor less than 8. 
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Figure 9.15: Validity area of Bair’s model 
 
 
From the experimental rheological measurements revealed in Chapter 6, the shear 
thinning parameters G and n are determined for each solution at each temperature. 
The value G defines the shear stress at which the shear thinning starts and the constant 
n is related to the slope of the shear thinning. The value n was then plotted as a 
function of G as seen in Figure 9.16.  
 
From n and G evaluations, the correction parameter Φ and the Weissenberg number Γ  
were calculated for each solution at an entrainment speed of 1.15 m/s. Table 9.2 below 
lists the constants found for the four polystyrene blends at 60°C. 
 
 
Temperature 
(°C) 
Polystyrene 
solution G (Pa) n Φ  Γ  
PS 5,000 35000 0.91 1.09 5 
PS 20,000 15000 0.91 1.15 12 
PS 50,000 9000 0.85 1.49 21 
60°C 
PS 100,000 1800 0.85 1.87 110 
Table 9.2: Evaluation of correction factor for polystyrene solutions 
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The correction factor was applied to each polystyrene solution. The corrected film 
thicknesses, represented by a plain orange line, are plotted in Figure 9.17 - Figure 
9.20. 
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1
10
100
1000
0.001 0.01 0.1 1 10
Speed (m/s)
h 
(n
m
)
Non-shear thinning Shear thinning correction
Experimental values DOP
 
Figure 9.17: Shear thinning correction – PS 5,000 at 60°C 
 
 
Figure 9.16: Values of rheological parameters of polystyrene solutions 
assumed in this work 
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Shear thinning correction: PS 20,000 tested at 60°C
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Figure 9.18: Shear thinning correction – PS 20,000 at 60°C 
 
 
Shear thinning correction: PS 50,000 tested at 60°C
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Figure 9.19: Shear thinning correction – PS 50,000 at 60°C 
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Shear thinning correction: PS 100,000 tested at 60°C
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Figure 9.20: Shear thinning correction – PS 100,000 at 60°C 
 
 
As seen in Figure 9.17 - Figure 9.20, at 60°C, with the exception of the highest 
molecular weight solution, PS100,000, good correlation appears between the 
experimental values and the corrected film thickness using Bair’s equation. As seen in 
Figure 9.16, the model is not valid for the rheological parameters assumed for this 
polystyrene blend. This is confirmed by the high value of the Weissenberg number. Its 
value of 110 is significantly higher than the limit of 25 defined by Bair et al. [127]. 
 
As seen in Figure 9.17 - Figure 9.20, the impact of molecular weight on the film 
thickness reduction is evident. As the molecular weight of the polymer increases, at 
high speed the reduction in the film thickness compared to the non-shear thinning 
theory becomes more important. This is confirmed by the evaluation of the correction 
factor Φ which goes from 1.09 for the lowest molecular weight polystyrene to 1.49 
for PS 50,000 solution. This effect can be ascribed to the shear thinning occurring in 
the contact inlet.  
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9.5.2 Polyisoprene solutions 
9.5.2.1 Boundary film behaviour of polyisoprene solutions 
 
In Figure 9.11 – Figure 9.14, in the low speed region, a boundary film is observed for 
all polyisoprene solutions.  
 
Mitsui et al. [86] tested polysisoprene with different molecular weight dissolved in 
several types of solvent. This included some saturated olefin oligomers and some 
linear dialkylbenzenes. In each case, a thick boundary film was observed. It is 
believed that the molecules adsorb on the surface as explained by Smeeth et al. [40]. 
The polymer agglomerates on the moving surfaces and create protective film which 
remains on the surface in the low speed region. The study in this project confirms the 
observation made by Mitsui et al. [86]. 
 
9.5.2.1 Film behaviour of polyisoprene solutions at high speed 
 
As seen in Figure 9.11 – Figure 9.14, as the speed increases, shear thinning seems to 
occur for medium and high polyisoprene solutions.  
 
As for the polystyrene solutions, the rheological constants n and G were determined 
for each blend. The correction factor and the Weissenberg number were calculated at 
an entrainment speed of 0.41 m/s. All the values are listed in Table 9.3.  
 
Figure 9.21 shows the parameter n as a function of G values assumed for the studied 
polyisoprene solutions. 
 
Temperature (°C) Polystyrene solution G (Pa) n Φ Γ  
PIP 10,000 5500 0.935 1.10 20 
PIP 24,500 5000 0.90 1.23 24 
PIP 53,000 3200 0.89 1.34 38 
60°C 
PIP 121,300 1100 0.87 2.03 113 
Table 9.3: Evaluation of correction factor for polyisoprene solutions 
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Figure 9.21: Values of rheological parameters of polyisoprene 
solutions assumed in this work 
 
 
The correction factor was applied to each solution. The film thickness prediction is 
shown in the graphs below. 
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Figure 9.22: Shear thinning correction – PIP 10,000 at 60°C 
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Shear thinning correction: PIP 24,500 tested at 60°C
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Figure 9.23: Shear thinning correction – PIP 24,500 at 60° 
 
 
Shear thinning correction: PIP 53,000 tested at 60°C
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Figure 9.24: Shear thinning correction – PIP 53,000 at 60°C 
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Shear thinning correction: PIP 121,300 tested at 60°C
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Figure 9.25: Shear thinning correction – PIP 121,300 at 60° 
 
As seen in Figure 9.25, as expected the model shows erroneous correction for the 
highest molecular weight solution. As PS 100,000, the rheological parameters and the 
Weissenberg number of PIP 121,300 are outside the limits defined by Bair et al. 
[127].  
 
As shown in Figure 9.22 – Figure 9.24, for low and medium molecular weight 
polymers, Bair’s model fits reasonably well the experimental data. Despite the high 
value of the Weissenberg numbers of PIP 53,000 revealed in Table 9.3, good 
correlations are observed. From these measurements, it can be concluded that the 
limits defined by Bair could be slightly modified and tolerate solutions with 
Weissenberg number going up to 38. 
  
9.7 Summary 
 
This chapter outlines the behaviour of polymer solutions under high pressure. The 
film thickness using ultra thin film interferometry was measured for polystyrene and 
polyisoprene solutions. These polymers were available with different molecular 
weights. 
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On each curve, two regions could be distinguished: the low and the high speed 
regions.  
 
At low speed, polystyrene solutions showed a reduction in film thickness compared to 
the isoviscous theory. This phenomenon was ascribed to polymer depletion occurring 
in the contact inlet.  
 
Polyisoprene revealed a completely different behaviour. For all the tested 
polyisoprene blends, a boundary film was observed. Polymer molecules probably 
adsorb on the surfaces in relative motion and form a protective viscous film.   
 
In the high speed region, medium and high polystyrene and polyisoprene solutions 
exhibited a film thickness below the non-shear thinning prediction made by Hamrock 
and Dowson [6]. The shear thinning occurring in polymer blends can be the 
explanation of this phenomenon. The molecular weight plays an important role in this 
decrease, since it has been observed that high molecular weight solution reveal bigger 
decrease in film thickness.  
 
A correction factor defined by Bair[127] was used to evaluate the film thickness of 
the tested solutions based on the rheological measurements done on Chapter 6. Bair’s 
model showed some limitations for the analyses of the highest molecular weights. 
However for low and medium molecular solutions, the model showed good 
agreements with the experimental data. It appeared to be a good tool to predict the 
elastohydrodynamic film thickness of low viscosity, shear thinning fluids. 
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Chapter 10: 
 
 
Study of commercial viscosity modifiers 
 
 
 
This chapter focuses on the viscometric analyses of two commercial Viscosity Index 
Improvers. The rheological behaviours of these VIIs are explored. First the viscosity-
shear rate dependence is analysed. Then the shear stability is studied using two 
different methods. One is based on the USV. The technique is fully described in 
section 6.3.1. The other is the Kurt-Orbahn test commonly used in industry.  
 
  
10.1 Introduction  
 
As well as research on well defined polymer solutions, the rheological properties of 
two, more practically relevant, commercial viscosity modifiers were also studied. This 
chapter describes an investigation of the viscosity behaviour and the shear stability of 
an hydrogenated polystyrene isoprene and an hydrogenated star isoprene-styrene 
copolymers.  
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The first part of the rheological study consists of evaluating the viscosity-shear rate 
dependence. The second part focuses on the shear stability of the VII solutions. The 
method described in section 6.3.1 based on the use of the USV may be a simple, low 
cost way to measure permanent shear thinning. To explore the advantages of this 
technique, this method was compared with the commonly used 30 cycles Kurt-Orbahn 
shear stability bench test.  
 
At the end of the Kurt-Orbahn tests, permanently sheared samples were collected and 
tested. Their dynamic viscosity was measured over a wide range of shear rate and 
compared with fresh lubricant. 
 
After a short description of the materials, the flow curves of fresh and permanently 
sheared samples will be shown. The shear stability results will be then given. Finally 
the two methods used to evaluate the permanent viscosity loss will be compared and 
the impact of polymer properties on shear stability will be discussed. 
 
10.2 Materials 
10.2.1 Base oil  
 
The two commercial additives were dissolved in the YUBASE 4 group III base oil. 
This section describes the main properties of the base fluid. This includes the 
chemical composition and the viscosity measurements at low shear rate between 20 
and 100°C. 
 
10.2.1.1 Chemical composition 
 
YUBASE 4 base oil originates from SK Lubricants and belongs to API group III. As 
described in chapter 3, this type of oil is very highly refined with a sulphur content 
below 0.03%. It essentially contains isoparaffins with very small amounts of 
naphthenic compounds. The high percentage of saturated paraffins gives excellent 
thermal stability.  
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10.2.1.2 Viscosity evaluation  
 
The low shear dynamic viscosity, the density and the kinematic viscosity were 
measured using the Stabinger viscometer SVM 3000 between 20 and 100°C. The 
results appear in Table 10.1 below.  
 
Temperature 
(°C) 
Density 
(g/cm3) 
Dynamic 
viscosity 
(mPa.s) 
kynematic 
viscosity 
(mm2/s) 
20 0.831 36.64 44.12 
30 0.824 23.51 28.52 
40 0.818 15.94 19.49 
50 0.811 11.31 13.94 
60 0.806 8.58 10.65 
70 0.800 6.38 7.98 
80 0.792 5.02 6.34 
90 0.787 4.05 5.14 
100 0.780 3.34 4.28 
Table 10.1: Base oil viscosity 
 
In the industrial name YUBASE 4, the number 4 stands for kinematic viscosity close 
to 4 mm2/s at 100°C. The measured viscosity is in agreement, revealing a value of 
4.28 mm2/s. 
 
From the measurements made at 40 and 100°C, the viscosity index was evaluated at 
129. 
 
10.2.2 Commercial viscosity modifiers 
 
This section outlines the main properties of the studied commercial viscosity 
modifiers, including their chemical structures. Their critical concentration and their 
intrinsic viscosity were experimentally determined. Finally the low shear dynamic 
viscosity was measured.  
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10.2.2.1 Chemical structure 
 
A styrene/hydrogenated–isoprene linear diblock copolymer commercially called 
SV150 and an hydrogenated star isoprene-styrene copolymer commercially named 
SV260 were selected for this study. These VIIs are produced by Infineum 
International Ltd.  
 
SV 150 consists of a diblock copolymer containing styrene and polyisoprene units. Its 
linear chemical structure is given in Figure 10.1. Its molecular weight is evaluated at 
approximately 150,000 g/mol.  
 
 
Figure 10.1: Structure of SV 150 viscosity index improvers 
 
As seen in Figure 10.2, SV 260 has a star structure containing copolymer arms of 
hydrogenated polystyrene and polyisoprene. The star polymer has a molecular weight 
of approximately 127,000 g/mol and a polydispersity index of 2.68. 
 
 
Figure 10.2: Star structure of SV 260 
viscosity index improvers 
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10.2.2.2 Evaluation of critical concentration 
 
To evaluate the critical concentration of each VII, these two commercial viscosity 
modifiers were dissolved in the base oil at various concentrations. The low shear rate 
viscosity was measured for each blend at 100°C using the Stabinger viscometer SVM 
3000 and then plotted as a function of concentration as shown in Figure 10.3 and in 
Figure 10.4.  
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Figure 10.3: Determination of critical concentration of SV 150 
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Figure 10.4: Determination of critical concentration of SV 260 
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As explained in chapter 5, the change in slope corresponds to the critical 
concentration. For SV 150 and SV 260 respectively, a critical concentration of 1.92 
and 1.80% (by wt) was found.  
 
10.2.2.3 Evaluation of the intrinsic viscosity 
 
The intrinsic viscosity was experimentally evaluated at 100°C for both VIIs as 
described in section 4.2.2. The results are shown in Figure 10.5 and Figure 10.6. The 
measurements were made at a concentration below the critical concentration to stay in 
the dilute regime. Above that limit, the curves become highly non linear. 
 
The copolymer SV 260 reveals very good viscosity enhancement ability with an 
intrinsic viscosity of 1 dl/g. Compared to SV 260, the hydrogenated polystyrene 
isoprene copolymer SV 150 increases the dynamic viscosity of the base fluid less 
significantly. The intrinsic viscosity is evaluated at 0.45 dl/g. 
 
 
Figure 10.5: Determination of the intrinsic viscosity of SV 150 in base oil 
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Figure 10.6: Determination of the intrinsic viscosity of SV 260 in base oil 
 
10.2.2.4 Evaluation of the dynamic viscosity 
 
The rheological behaviour of the commercial polymer additives in solution were 
analysed in the dilute regime and in the semi dilute regime. Therefore SV 150 and SV 
260 were dissolved into the base oil at two different concentrations. 
Table 10.2 shows the viscosity index and the low shear dynamic viscosity measured at 
40 and 100°C at different concentration. 
VII Concentration (%wt) 
Viscosity 
Index 
OilShearLow ..η  
40°C 
(mPa.s) 
OilShearLow ..η  
100°C 
(mPa.s) 
Base oil …… 129 15.94 3.34 
1% 174 24.6 5.00 
SV 150 
4% 268 528.0 85.9 
1% 174 39.6 7.12 
SV 260 
3% 217 206.2 31.9 
Table 10.2: Viscometric measurements of SV 150 and SV 260 at different 
concentrations 
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As can be seen in Table 10.2, the viscosity index is significantly raised by the 
presence of polymer additives. The index goes up from 129 for the base fluid to 174 
with only 1% wt of polymer. By increasing the polymer concentration, the VI rises 
notably, i.e. the impact of temperature on viscosity is considerably reduced. 
 
10.3 Methods 
 
This section briefly describes the method employed to study the viscosity-shear rate 
dependence and the shear stability test of each VII solution. 
 
10.3.1 Evaluation of viscosity-shear rate dependence 
 
As described in section 6.2, several types of equipment were used to obtain the 
dynamic viscosity over a wide range of shear rates for these commercial polymer 
solutions. 
 
The AR2000ex Rheometer from TA instruments was used to evaluate the viscosity at 
low shear rate, from 100 to approximately 5.104 s-1. At high shear rate, the viscosity 
was determined between 106 and 107 s-1 using the Ultrahigh Shear Viscometer from 
PCS instruments. To complete the flow curves, the Carreau-Yasuda parameters were 
evaluated to fit the experimental data. A full description of the method is given in 
section 6.2.1.3. 
 
10.3.1.1 Base oil viscosity measurements 
 
The base oil was first tested at 100°C. The results are shown in Figure 10.7 below. As 
expected, the base fluid reveals a Newtonian behaviour with a constant viscosity over 
the studied range of shear rate. 
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Figure 10.7: Flow curve of base oil YUBASE 4 at 100°C 
 
The base fluid results confirm the accuracy of the viscosity measurements.  
 
10.3.1.2 Optimization of viscosity measurement of highly 
concentrated polymer solutions at high shear rate 
 
As seen in Figure 10.7, the study of Newtonian fluid using the USV gives reliable 
results. However, when analysing highly concentrated polymer solutions, the user of 
High Shear High Temperature instruments has to be aware that permanent shear 
thinning can occur in the test chamber, especially at very high shear rate close to 107 
s
-1
.  
For this project, the viscosity was measured for one polymer blend sample over the 
studied range of shear rate. These results were then compared with measurements 
done at four separate shear rates, each time performed on a new and fresh sample.  
 
Figures 10.8 – 10.11 show the experimental viscosity values of low and high 
concentration blends of SV 150 and SV 260 between 106 and 107 s-1. In the four 
graphs below, the dark blue triangle dots represent the series of successive viscosity 
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measurements on one sample. The light blue square dots correspond to the individual 
measurements made on different samples.  
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Figure 10.8: Viscosity measurements of SV 150-1% at very high shear rate 
 
 
 
Figure 10.9: Viscosity measurements of SV 150-4% at very high shear rate 
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Viscosity of fresh SV 260 - 1% sample
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Figure 10.10: Viscosity measurements of SV 260-1% at very high shear rate 
 
 
 
Figure 10.11: Viscosity measurements of SV 260-3% at very high shear rate 
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As seen in Figures 10.8 – 10.11, for low concentrated polymer solutions, the two 
ways of measuring viscosity show very similar results. However for highly 
concentrated polymer solutions, a large difference is noticed between the 
measurements done at very high shear rate. Since permanent shear thinning occurs in 
the USV, measurements done at a shear rate above approximately 5.106 s-1 should be 
preferably done on a fresh sample in order to minimize the impact of permanent 
viscosity loss.  
 
Additionally to fresh sample analyses, the polymer solutions were permanently 
sheared using the 30 cycle Kurt-Orbahn test and some used polymer solutions were 
collected at the end of each test. The viscosity of permanently sheared solutions was 
also measured using the USV. Figures 10.12 and 10.13 reveal the impact of 
permanent shear thinning occurring in the USV of pre-sheared SV 150 and SV 260 
solutions.  
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Figure 10.12: Viscosity measurements of pre-sheared SV 150-4% at very 
high shear rate 
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Viscosity of used SV 260 - 3% sample
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Figure 10.13: Viscosity measurements of pre-sheared SV 260-3% at very 
high shear rate 
 
As for fresh highly concentrated polymer solutions, it can be seen that at high shear 
rates, the multiple measurements on the single sample fall progressively further below 
the single measurements on multiple samples. This is because of accumulating 
permanent viscosity loss. 
This suggests that single measurements are to be preferred to multiple measurements 
on the same sample when studying shear thinning at high shear rates.  
 
Consequently, to minimize the impact of permanent shear viscosity loss occurring in 
the USV and to obtain more accurate results, for each highly concentrated analysed 
blend, the viscosity values obtained for different samples (light blue curve) were used 
to plot the complete flow curves shown in section 10.4.1. 
  
10.3.2 Permanent shear stability evaluation 
 
This section describes two different methods used for this project to evaluate the 
permanent shear stability of the commercial VIIs and shows the base oil analyses. 
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10.3.2.1 Kurt-Orbahn test versus USV 
 
To study the shear stability of the tested solutions, two methods were applied. On the 
one hand, the 30 cycles Kurt Orbahn shear stability bench test was performed. As 
explained in Chapter 4, the test consists of passing the polymer solution through a 
high shear nozzle device at 100°C [64]. The low shear dynamic viscosity is evaluated 
before and after this procedure. From these measurements, two description of 
permanent shear thinning PVL(LS) and PSSI(LS) can be calculated as described by the 
equations below: 
 
(Eq 10. 41)                          %100)( . ×−=
⋅
⋅
oilFresh
oilShearedoilFreshLSPVL
η
ηη
 
 
(Eq 10.42)                        %100)(
0
. ×
−
−
=
⋅
⋅
ηη
ηη
oilFresh
oilShearedoilFreshLSPSSI  
 
 
oilFresh.η  - Viscosity of fresh oil evaluated at low shear rate 
 oilSheared .η  - Viscosity of sheared oil evaluated at low shear rate 
 0η  - Base oil viscosity 
 
Two litres of each solution were blended and tested at BP Castrol Ltd in Pangbourne, 
UK.  
 
At the end of each experiment, approximately 150 mL of the used blend was 
collected. Viscosity measurements were performed on the sample. The flow curves 
were then compared with the rheological behaviour of the fresh solutions. The results 
are shown in the following section. 
 
On the other hand, the USV was used to permanently shear thin the blends. The test 
consists of measuring 30 times the high shear dynamic viscosity at a specific shear 
rate. The procedure is fully described in section 6.3. From these data, the permanent 
shear stability index and the permanent viscosity loss can be evaluated based on the 
high shear dynamic viscosities. 
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The following equations were used: 
 
(Eq 10. 1)                               %100)(
1
11 ×
−
=
+
η
ηη n
n HSPVL  
 
(Eq 10. 2)                              %100)(
01
11 ×
−
−
=
+
ηη
ηη n
n HSPSSI  
 
 n - number of passes in the USV 
 1η  - viscosity of the sample after one pass in the USV 
 
As described above, the main difference between the two techniques relies is that the 
Kurt-Orbahn index is evaluated from the low shear dynamic viscosity of the samples 
whereas the USV index is calculated from the high shear dynamic viscosity. To 
clarify the differences between the two methods, Figure 10.14 illustrates the shear 
stability evaluation. 
 
 
Figure 10.14: Shear stability evaluation 
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10.3.2.2 Base oil shear stability 
 
To confirm the accuracy of each technique, the base fluid was tested using the Kurt-
Orbahn and the USV tests. Since the permanent shear stability index is related to the 
base oil viscosity, the permanent viscosity loss was calculated instead. 
 
The Kurt-Orbahn and the USV results are respectively shown in Table 10.3 and in 
Figure 10.15. 
Solution 
OilShearLow ..η  
100°C (mPa.s) 
before KO test 
OilShearLow ..η  
100°C (mPa.s) 
after KO test 
PVL(LS) 
(%) 
Base Oil 
YUBASE 4 3.344 3.337 0.20% 
Table 10.3: PVL(LS) of YUBASE 4 base oil using Kurt-Orbahn test 
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Figure 10.15: PVL(HS) of YUBASE 4 base oil using the USV 
 
The two tests confirm the Newtonian behaviour of the base oil. The 30 cycles Kurt-
Orbahn shear stability bench test produced a loss of approximately 0.2% and the USV 
test caused a maximum permanent viscosity loss of only 0.8%. As expected, the two 
procedures give reliable results and will be applied to the commercial polymer 
solutions. 
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10.4 Flow curve results 
 
The flow curves of each VII solution are shown in this section. All the viscosity 
measurements were done at 100°C.  
10.4.1 Hydrogenated polystyrene-isoprene polymers SV 150 
 
The flow curves of fresh and permanently sheared samples of SV 150 containing 4% 
wt and 1% wt of polymer are shown in Figure 10.16 and in Figure 10.17 respectively. 
 
Table 10.4 summarises the Carreau-Yasuda parameters of the tested solutions. 
Concentration 
(%wt) Solution A (s) a n 
Fresh sample 0.1 1.65 0.70 
4% 
Used sample 0.1 1.40 0.72 
Fresh sample 2.00E-05 1.50 0.67 
1% 
Used sample 2.00E-05 1.50 0.65 
Table 10.4: Carreau-Yasuda parameters of SV 150 at 1 and 4% 
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Figure 10.16: Flow curves before and after Kurt-Orbahn test of SV 150-
4% at 100°C 
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Flow curves of fresh and used SV 150 - 1% samples 
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Figure 10.17: Flow curves before and after Kurt-Orbahn test of SV 150-
1% at 100°C 
 
 
10.4.2 Hydrogenated star polystyrene-isoprene polymers SV 260  
 
The flow curves of the SV 260 samples containing at low and high concentration 
before and after the Kurt-Orbahn tests are shown in Figure 10.18 and in Figure 10.19. 
 
From these experimental data, the Carreau-Yasuda parameters were determined for all 
the SV 260 samples. They are shown in Table 10.5. 
 
Concentration 
(%wt) Solution A (s) a n 
Fresh sample 4.00E-05 1.50 0.55 
3% Used sample 4.00E-05 1.35 0.53 
Fresh sample 3.30E-05 1.80 0.68 
1% Used sample 3.30E-05 1.80 0.67 
Table 10.5: Carreau-Yasuda parameters of SV 260 at 1 and 3% 
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Figure 10.18: Flow curves before and after Kurt-Orbahn test of SV 260-3% 
at 100°C 
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Figure 10.19: Flow curves before and after Kurt-Orbahn test of SV 260-1% 
at 100°C 
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10.4.3 Discussion 
 
As seen in Figure 10.16 - 10.19, at low shear rate, for each case, it was observed that 
sheared samples from the Kurt-Orbahn test reveal viscosity significantly lower than 
fresh solutions. As the shear rate increases, the difference between unused and 
permanently damaged solutions becomes less important. Finally at very high shear 
rate, the viscosity values tend to be similar and stay slightly higher than the base oil 
viscosity. This experimentally confirms the observation made by Ovenall et al [67] 
and Mostafa [68]. They studied the irreversible degradation of polymers by ultrasonic 
waves. They both assumed that there is a limiting size of polymer chain below which 
a molecule cannot be broken. 
 
The impact of concentration appears clearly on the flow curves. As expected, highly 
concentrated solutions start to shear thin at lower shear rate than the 1% wt solutions. 
The viscosity drops significantly as the shear rate increases. The flow curves in Figure 
10.16 and in Figure 10.18 show a steeper slope in the transition region than low 
concentrated solutions as revealed by the Carreau-Yasuda parameters in Table 10.4 
and in Table 10.5. This is confirmed by the evaluation of the temporary viscosity loss 
for fresh blend, as explained by Equation 4.24 in Chapter 4.  
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Figure 10.20: Effect of polymer concentration on Temporary 
Viscosity Loss at 100°C 
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 This main difference is explained by the difference in the degree of entanglement. At 
high concentration, the polymer solution enters in the semi-dilute regime. In this 
configuration, polymer chains are highly entangled. Consequently under very high 
shear rate, a significant large number of molecules are deformed compared to low 
concentrated polymer solution.  
 
10.5 Shear stability results 
 
This section focuses on the shear stability results and compares the Kurt-Orbahn test 
and the USV procedure. 
As in the viscosity-shear rate dependence analyses, all the measurements were done at 
100°C. Regarding the USV method, each test was repeated three times at different 
shear rates. 
In the case of high concentrated solutions, the viscosity measurements were 
performed at 1, 2.5 and 5.106 s-1. The maximum shear rate set in the USV was 5.106   
s
-1
. Above that value, the viscosity was too high for the capacity of the equipment. 
Regarding the low concentrated solutions, the measurements were done at 1, 2.5 and 
up to 107 s-1.  
 
10.5.1 Hydrogenated polystyrene-isoprene polymers SV 150 
10.5.1.1 Kurt-Orbahn test results 
 
The Kurt-Orbahn test results of the linear SV 150 polymer solutions are summarized 
in the table below. 
 
Solution Concentration (%wt) 
PVL(LS) 
(%) 
PSSI(LS) 
(%) 
4% 18.6 19.0 
SV 150 
1% 2.0 6.1 
Table 10.6: SV 150 results of Kurt-Orbahn test 
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10.5.1.2 USV results 
 
Figure 10.21 and Figure 10.22 show respectively PVL(HS) and PSSI(HS) of SV 150 
solution containing 4% wt of neat polymer. These were determined by the USV. 
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Figure 10.21: Permanent viscosity loss evaluation using USV at different 
shear rate for SV 150-4% at 100°C 
 
PSSI(HS) of SV 150 - 4% sample at different shear rate
0
20
40
60
80
100
0 5 10 15 20 25 30
Number of passes 
PS
SI
(H
S)
 
(%
)
at 1  2.5  5x106 s-11x 06 s-1 5x10
6s-15x106s-1
 
Figure 10.22: Permanent shear stability index using USV at different 
shear rate for SV 150-4% at 100°C 
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PVL(HS) and PSSI(HS) of SV150 solution with only 1% wt of neat polymer are 
shown respectively in Figure 10.23 and Figure 10.24.  
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Figure 10.23: Permanent viscosity loss evaluation using USV at different 
shear rate for SV 150-1% at 100°C 
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Figure 10.24: Permanent shear stability index evaluation using USV at 
different shear rate for SV 150-1% at 100°C 
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10.5.2 Hydrogenated star polystyrene-isoprene polymers SV 260  
10.5.2.1 Kurt-Orbahn test results 
 
The table below lists PVL and PSSI of SV 260 solutions at low and high concentration 
from the Kurt-Orbahn tests.  
Solution Concentration (%wt) 
PVL(LS) 
(%) 
PSSI(LS) 
(%) 
3% 7.0 7.8 SV 260 
1% 2.9 5.3 
Table 10.7: SV 260 results of Kurt-Orbahn test 
 
10.5.2.2 USV results 
 
Figure 10.25 and Figure 10.26 represent PVL(HS) and PSSI(HS) of 3% wt SV 260 
blends.  
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Figure 10.25: Permanent viscosity loss evaluation using USV at 
different shear rate for SV 260-3% at 100°C 
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Figure 10.26: Permanent shear stability index evaluation using USV at 
different shear rate for SV 260-3% at 100°C 
 
Figure 10.27 and Figure 10.28 show PVL(HS) and PSSI(HS) results of SV 260 
solution containing 1% of polymer. 
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Figure 10.27: Permanent viscosity loss evaluation using USV at 
different shear rate for SV 260-1% at 100°C 
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PSSI(HS) of SV 260 - 1% sample at different shear rate
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Figure 10.28: Permanent shear stability index evaluation using USV at 
different shear rate for SV 260-1% at 100°C 
 
10.5.3 Discussion 
10.5.3.1 Kurt Orbahn tests vs USV procedure 
 
Table 10.8 compares the permanent viscosity loss, PVL(LS), and the permanent shear 
stability index, PSSI(LS), with PVL(HS) and PSSI(HS) values after 30 shear cycles in 
the USV at a shear rate of 5.106 s-1. 
 
PSSI 
(LS) 
PSSI30 
(HS)* 
PVL 
(LS) 
PVL30 
(HS)* 
Solution Concentration (%wt) Kurt-
Orbahn 
test  
USV test at 
5.106 s-1 
Kurt-
Orbahn 
test  
USV test at 
5.106 s-1 
4% 19.0 44.9 18.6 18.4 
SV 150 
1% 6.1 53.7 2.0 6.9 
3% 7.8 23.0 7.0 8.9 
SV 260 
1% 5.3 35.8 2.9 6.3 
Table 10.8: Comparison between Kurt-Orbahn test and USV procedure 
* The number 30 stands for the 30th successive measurement using the USV 
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As noted in Table 10.8, for the four studied polymer solutions, the evaluations of 
PSSI30(HS) and PSSI(LS) tend to produce higher values than the calculations of 
PVL30(HS) and PVL(LS) This difference is because the permanent shear stability 
index depends on the base fluid viscosity. In the literature, the permanent shear 
stability index is defined as “the percentage viscosity loss due to polymer” [130], i.e. 
it quantifies the performance of the polymer only. Contrary to the permanent shear 
stability index, the permanent viscosity loss does not include the base oil viscosity. 
Therefore this index can be described as an evaluation of the performance of the 
blend.   
Consequently when comparing the Kurt-Orbahn bench test with the USV procedure, 
it will be more accurate to rely on the permanent viscosity loss evaluation and thus 
consider the behaviour of the whole blend. 
 
Figure 10.29 and Figure 10.30 compare respectively the evolution of the permanent 
viscosity loss over the 30 measurements in the USV with the Kurt-Orbahn test values 
of the SV 150 and SV 260 polymer solutions at low and high concentrations. 
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Figure 10.29: Comparison of SV150 PVL with Kurt-Orbahn test 
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Sample SV 260:
Comparison with Kurt-Orbahn test
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Figure 10.30: Comparison of SV260 PVL with Kurt-Orbahn test 
 
According to the two graphs above, good agreement is found between the last USV 
values and the Kurt-Orbahn measurements, especially in the case of highly 
concentrated polymer solutions. The USV procedure appears to be a simple method to 
quantify the permanent viscosity loss. 
 
10.5.3.2 Permanent Shear Stability Index 
 
The USV and the Kurt-Orbahn tests produced comparable permanent viscosity loss 
results. However, the obtained permanent shear stability indexes are different. They 
appear to be more complex to analyse since they refer to the performance of the 
polymer only. 
 
As noted in Table 10.8, PSSI30(HS) reveals significantly higher values than PSSI(LS) 
for the four studied polymer solutions. For example, SV 150 blend containing 4% of 
polymer has a PSSI30(HS) of 44,9% and a Kurt-Orbahn PSSI(LS) of only 19%. This is 
not just because the test conditions to which the lubricant is subjected are different in 
the two tests, but also because the permanent shear stability index values are 
calculated in quite different ways. Therefore when analysing this index, the reader has 
to consider that the Kurt-Orbahn PSSI(LS) is based on the low shear viscosity, 
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whereas the PSSI30(HS) is calculated using the high shear viscosity as illustrated in 
Figure 10.14.  
 
Regarding the shear stability curves seen in Figure 10.21, Figure 10.23, Figure 10.25 
and Figure 10.27, PVL(HS) are plotted at different shear rate. In the four studied 
cases, the shear rate has almost no influence on the shear stability of the polymer 
blend. However, as shown in Figure 10.22, Figure 10.24, Figure 10.26 and Figure 
10.28, PSSI(HS) is highly influenced by the selected shear rate. For all the studied 
cases, as the shear rate increases, PSSI(HS) becomes higher. As expected the higher 
the shear rate, the more damaged the polymer chains are, and consequently the higher 
the PSSI(HS) becomes.  
 
Additionally to the value of the index, the shape of the curve gives some information 
related to the polymer shear stability. For example, as shown in Figure 10.28, at a 
shear rate of 1.106 s-1, SV 260 blend containing 1% wt of polymer does not reach a 
stable viscosity even after the thirtieth measurement. However at a shear rate of 
1.107s-1, PSSI(HS) remains constant after less than 10 measurements. The intensity of 
the shear highly influences the evaluation of the index. This suggests that the USV 
test allows the permanent viscosity loss and permanent shear stability index to be 
obtained and measured at different realistic operating conditions, especially of 
temperature. Temperature, as well as mechanical shear influences the level of 
permanent viscosity loss and the USV enables this to be explored.  
 
From this set of experiments, it can be concluded that the USV could be a practical 
tool to evaluate the shear rate where the polymer solution starts to be definitely 
permanently sheared. 
 
10.5.3.3 Effect of concentration 
 
The USV method appears to be a convenient technique to evaluate the permanent 
shear stability behaviour of polymer solutions. However, in this case the influence of 
concentration on PSSI(HS) and on PVL(HS) has to be carefully analysed.  
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 Effect of concentration on PSSI(HS) 
As explained in section 6.3.3.3, PSSI(HS) is a complex parameter. As for the model 
PS 100,000 studied in chapter 6, and as seen in Table 10.8, PSSI30(HS) is larger at low 
concentration than at high concentration. Since this index refers to the polymer only, 
it basically shows that, proportionate to the amount of polymer present into the 
solution, the loss in viscosity due to polymer compared to the base fluid value is more 
important for low concentration solution than for high concentrated solution. 
 
 Effect of concentration of PVL(HS) 
As shown in Table 10.8, contrary to PSSI30(HS), PVL30(HS) significantly increases 
with polymer concentrations. Since the permanent viscosity loss estimates the shear 
property of the blend, it indicates that the more polymer in the solution, the higher the 
probability to break the polymer chains. Consequently, when considering the overall 
polymer solution behaviour, the higher the concentration, the less shear stable is the 
blend. 
 
10.5.3.4 Effect of polymer structure 
 
Considering SV 150 and SV 260 solutions containing 1% wt of neat polymer, the star 
copolymer SV 260 appears to be more resistant than SV 150. This is confirmed by a 
PSSI30(HS) of 53.7% for SV 150 and 35.8% for SV 260. This difference can be 
explained by the structure of the VIIs. SV 260 has a star configuration. As explained 
in Chapter 4, the shear stability highly depends on the hydrodynamic volume of the 
polymer molecule. With in the case of star polymers, under high shear stresses, some 
arms of the molecule are damaged but overall, as illustrated in Figure 10.31, the 
hydrodynamic volume of the polymer chains is not severely affected. This results in 
high shear stability. Consequently very severe conditions are required to break the 
core of the star polymer molecules. 
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Figure 10.24 and Figure 10.28 confirm the high shear stability of SV 260 compared to 
SV 150. As seen in Figure 10.24, large errors bars appear for SV 150 while Figure 
10.28 reveals small variations in viscosity measurements. 
 
10.6 Summary 
 
This chapter has examined the rheological behaviour of two commercial viscosity 
modifiers, a styrene/hydrogenated–isoprene linear diblock copolymer SV 150 and an 
hydrogenated star isoprene-styrene copolymer SV 260. In addition to the viscosity 
measurements and analyses, the permanent shear stability of solutions in the dilute 
and semi-dilute regimes was investigated. This chapter has proposed a simple bench 
test based on the use of the USV to quantify permanent shear stability and compared 
this new technique with the industrial well-known and standard Kurt-Orbahn test. 
 
The USV method for studying permanent viscosity loss has several advantages over 
alternative approaches such as the Kurt Orbahn. A key one is that it subjects the test 
fluid to relatively well defined shear conditions, which means that the impact of 
different levels of shear stress can be investigated scientifically. The permanent 
viscosity loss can also be related quite convincingly to conditions experienced in 
hydrodynamically-lubricated machine components.  
 
The test also allows permanent viscosity loss to be obtained and measured at realistic 
operating conditions. A permanent shear stability index based on high shear rate 
viscosity values might be more relevant to protection of bearings as they will be 
 
Figure 10.31: Behaviour of star polymer under high shear stress 
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operating at high shear. The USV offers the flexibility to control the temperature, as 
well as the shear rate.  
 
The USV test appears to be a simple, low cost way to evaluate the permanent shear 
stability of polymer solution.  
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Chapter 11: 
 
 
Conclusions and suggestions for future work 
 
 
 
This chapter presents the conclusions from the work described in this thesis. 
Suggestions for future work are also given.   
 
 
11.1 Conclusions 
11.1.1 Effect of polymer shear thinning on hydrodynamic friction 
 
The main aim of this research was to investigate the impact of polymer shear thinning 
on hydrodynamic friction. To clarify this phenomenon, well defined polystyrene and 
polyisoprene, available with different molecular weights and having very narrow 
molecular weight distribution, were selected. They were dissolved in an aromatic ester 
base fluid, di-2-ethylhexylphthalate DOP. The rheological behaviour and also the film 
forming properties and the hydrodynamic friction in compliant contact of these 
polymer solutions were investigated.  
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The viscosity of each studied blend was measured over a wide range of shear rate. 
From these measurements, the temporary and permanent viscosity losses were 
evaluated. 
 
This experimental work showed that both temporary and permanent shear thinning 
increase with a rise in molecular weight. This observation was related to the 
hydrodynamic volume of the polymer in solution. Theoretical calculations confirmed 
that high molecular weight polymer solutions occupy a larger hydrodynamic volume. 
Consequently these molecules are more subject to distortion, resulting in a significant 
viscosity loss compared to polymers of lower molecular weight.  
 
Film thickness analyses in compliant contact were performed using the recently 
developed Laser Induced Fluorescence technique. The studied polymer solutions 
revealed isoviscous-elastic hydrodynamic film thickness lower than polymer-free oils 
of comparable viscosity. This film thickness diminution was ascribed to polymer 
shear thinning. 
 
A model based on Reynolds equation was adapted to allow for variable viscosity 
across the area of the contact due to shear thinning. This gave quite good agreement 
with the experimental data. 
 
Friction measurements in compliant contacts were performed and a noticeable 
reduction in friction compared to predicted values based on non-shear thinning fluids 
of similar viscosity was observed for almost all polymer solutions. This impact was 
also ascribed to polymer shear thinning.  
 
For the studied polymer solutions, friction prediction from the hydrodynamic theory 
and the measured flow curves showed good correlation with the experimental data. 
  
This research confirms the large impact of polymer shear thinning on hydrodynamic 
friction. Since most machine components in engines such as journal bearings and 
pistons are designed to operate mainly in fluid film and mixed lubrication, the largest 
future improvements in fuel economy are likely to come from rheological 
 Chapter 11 – Conclusions and Suggestions for Future Work 
 
 232 
refinements, including the use of lower viscosity base oils with viscosity index 
improvers, rather than from improved boundary friction modifier additives.  
 
11.1.2 Film thickness investigation under high pressure 
 
The film thickness behaviour under high pressure using ultra thin film interferometry 
was investigated.  
 
In the low speed region, polyisoprene solutions formed a protective boundary film, 
whereas polystyrene blends revealed a reduction in film thickness compared to the 
isoviscous theory. This diminution was ascribed to polymer depletion occurring in the 
contact inlet [91]. 
 
At high speed, medium and high molecular weight polystyrene and polyisoprene 
solutions exhibited a film thickness below the non-shear thinning prediction made by 
Dowson and Hamrock [6]. This reduction was attributed to polymer shear thinning. 
High molecular weight solutions revealed a larger decrease in film thickness.  
 
In the high speed region, a correction factor defined by Bair [127] was evaluated to 
predict the impact of polymer shear thinning on elastohydrodynamic film thickness. 
The model showed very good agreements for low and medium viscosity fluids but 
some limitations for highly viscous solutions.  
  
11.1.3 Permanent shear stability investigation - Development of a 
new method 
 
A new quick and efficient method was developed to investigate the permanent shear 
stability of polymer solution. It consists of carrying out repeated viscosity 
measurements at high shear rate on a single sample of fluid using the Ultrahigh Shear 
Viscometer from PCS Instruments, UK. From the experimental data obtained, the 
permanent viscosity loss and permanent shear stability index were calculated based on 
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This method was compared with the industrial 30 cycles Kurt Orbahn bench test and 
good correlation between the two techniques was found in the evaluation of the 
permanent viscosity loss for highly concentrated VII solutions. 
 
The permanent shear stability index evaluated by the USV procedure showed 
significantly higher values than the Kurt-Orbahn test. The USV technique can be 
considered as a more severe test than the industrial Kurt-Orbahn bench test.  
 
11.2 Suggestions for future work 
 
The experimental work carried out in this study using compliant contacts has some 
important limitations which need to be addressed in future work. Some suggestions 
for future work are proposed.  
 
11.2.1 Film thickness measurements in compliant contact 
 
For future work, the Laser Induced Fluorescence technique must be improved to allow 
lower film thickness measurement. A two-dye LIF ratiometric system could be used 
[110]. This method would significantly improve the quality of the images by reducing 
background noise. This would enable lower film thicknesses to be detected. 
Consequently tests could be carried out on lower viscosity polymer solutions, in 
particular at higher temperature. This would enable a better matching of test 
conditions in rheological and film thickness work. 
 
Some of the literature suggests that viscoelastic effects may occur with polymer 
solutions in conditions of rapidly-changing velocity or load. The study of film 
forming behaviour in transient conditions should thus be carried out  
 
11.2.2 Friction measurements in compliant contact 
 
As mentioned in Chapter 8, the friction measuring equipment was limited to room 
temperature. This equipment should be modified to integrate a heating chamber in 
order to perform measurements at controlled temperatures.  
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In the literature, very little friction work in compliant contact is described. As 
suggestion for future work, it could be interesting to measure the friction coefficient 
of different types of tribological contact. For example, elastic hemispheres with 
different modulus could be used and their influence on friction could be analysed. 
 
11.2.3 USV method 
 
Polymers with different chemistry, such as olefin copolymers, or 
polyalkylmethacrylate could be investigated with the new technique based on the 
USV. In addition, it could be interesting to use the USV to examine the effect of 
polymer architecture on permanent shear stability. It would also appear judicious to 
study several blends with adjusted viscosity at the studied temperature to clearly 
outline the shear stability performance of each fluid. 
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APPENDIX 
 
Appendix A: Viscosity measurements 
 
A.1. Polystyrene in DOP 
 
 
Solution T (°C) 
Dynamic 
viscosity  
ηDyn 
(mPa.s) 
Kinematic 
viscosity 
ηKin 
(mm2/s) 
Density 
ρ  
(g/dl) 
Specific 
viscosity 
ηSp 
Relative 
viscosity 
ηRel 
Reduced 
viscosity 
ηRed (dl/g) 
20 327.5 334.2 0.98 3.16 4.16 0.68 
30 175.9 179.1 0.98 3.05 4.05 0.65 
40 99.9 102.6 0.97 2.82 3.82 0.61 
50 62.1 64.2 0.97 2.66 3.66 0.57 
60 41.1 42.8 0.96 2.52 3.52 0.54 
70 28.7 30.1 0.95 2.41 3.41 0.52 
80 20.9 22.1 0.94 2.31 3.31 0.50 
90 15.8 16.9 0.94 2.23 3.23 0.48 
PS 
 100000  
– 
 DOP 
100 12.3 13.3 0.93 2.16 3.16 0.46 
Table A.1: Viscosity data of polystyrene, Mw=90 250 g/mol, in DOP 
 
 
Table A.2: Viscosity data of polystyrene, Mw=48 870 g/mol, in DOP 
Solution T (°C) 
Dynamic 
viscosity  
ηDyn 
(mPa.s) 
Kinematic 
viscosity 
ηKin 
(mm2/s) 
Density 
ρ  
(g/dl) 
Specific 
viscosity 
ηSp 
Relative 
viscosity 
ηRel 
Reduced 
viscosity 
ηRed 
(dl/g) 
20 320.6 327.1 0.98 3.07 4.07 0.66 
30 163.3 166.2 0.98 2.76 3.76 0.49 
40 92.0 94.4 0.98 2.51 3.51 0.45 
50 56.4 58.3 0.97 2.33 3.33 0.42 
60 36.9 38.4 0.96 2.17 3.17 0.39 
70 26.6 27.8 0.95 2.16 3.16 0.39 
80 18.5 19.6 0.95 1.93 2.93 0.35 
90 13.9 14.9 0.94 1.85 2.85 0.33 
PS  
50000  
- 
 DOP 
100 10.8 11.6 0.93 1.78 2.78 0.32 
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Solution T (°C) 
Dynamic 
viscosity  
ηDyn 
(mPa.s) 
Kinematic 
viscosity 
ηKin 
(mm2/s) 
Density 
ρ  
(g/dl) 
Specific 
viscosity 
ηSp 
Relative 
viscosity 
ηRel 
Reduced 
viscosity 
ηRed 
(dl/g) 
20 291.5 294.4 0.99 2.70 3.70 0.36 
30 147.4 149.8 0.98 2.39 3.39 0.32 
40 82.2 84.2 0.98 2.14 3.14 0.29 
50 49.8 51.4 0.97 1.94 2.94 0.26 
60 32.5 33.8 0.96 1.79 2.79 0.24 
70 22.3 23.4 0.96 1.65 2.65 0.22 
80 16.1 17.0 0.95 1.55 2.55 0.21 
90 12.0 12.8 0.94 1.46 2.46 0.20 
PS  
20000 
 - 
 DOP 
100 9.3 10.0 0.93 1.38 2.38 0.19 
Table A.3: Viscosity data of polystyrene, Mw=19 620 g/mol, in DOP 
 
Solution T (°C) 
Dynamic 
viscosity  
ηDyn 
(mPa.s) 
Kinematic 
viscosity 
ηKin 
(mm2/s) 
Density 
ρ  
(g/dl) 
Specific 
viscosity 
ηSp 
Relative 
viscosity 
ηRel 
Reduced 
viscosity 
ηRed 
(dl/g) 
20 239.2 241.2 0.992 2.04 3.04 0.22 
30 121.4 123.4 0.984 1.79 2.79 0.19 
40 67.2 68.8 0.977 1.57 2.57 0.17 
50 40.6 41.8 0.972 1.39 2.39 0.15 
60 26.2 27.2 0.964 1.25 2.25 0.13 
70 17.9 18.8 0.957 1.13 2.13 0.12 
80 12.89 13.6 0.948 1.04 2.04 0.11 
90 9.6 10.2 0.941 0.96 1.96 0.10 
PS  
5000 
 -  
DOP 
100 7.4 7.9 0.933 0.89 1.89 0.10 
Table A.4: Viscosity data of polystyrene, Mw=5 090 g/mol, in DOP 
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A.2. Polyisoprene in Base oil 
 
 
Solution T (°C) 
Dynamic 
viscosity  
ηDyn 
(mPa.s) 
Kinematic 
viscosity 
ηKin 
(mm2/s) 
Density 
ρ  
(g/dl) 
Specific 
viscosity 
ηSp 
Relative 
viscosity 
ηRel 
Reduced 
viscosity 
ηRed (dl/g) 
20 164.0 196.9 0.833 3.40 4.40 1.09 
30 105.6 127.8 0.826 3.44 4.44 1.10 
40 70.9 86.5 0.820 3.42 4.42 1.09 
50 50.0 61.5 0.814 3.40 4.40 1.09 
60 36.7 45.5 0.808 3.38 4.38 1.08 
70 27.9 34.9 0.801 3.36 4.36 1.07 
80 21.9 27.5 0.795 3.35 4.35 1.07 
90 17.6 22.3 0.789 3.34 4.34 1.07 
PIP 
145000  
- 
 BO  
100 14.4 18.3 0.783 3.31 4.31 1.06 
Table A.5: Viscosity data of polyisoprene, Mw=145 000 g/mol, in base oil BO 
 
 
 
Solution T (°C) 
Dynamic 
viscosity  
ηDyn 
(mPa.s) 
Kinematic 
viscosity 
ηKin 
(mm2/s) 
Density 
ρ  
(g/dl) 
Specific 
viscosity 
ηSp 
Relative 
viscosity 
ηRel 
Reduced 
viscosity 
ηRed (dl/g) 
20 135.5 162.6 0.834 2.63 3.63 0.61 
30 86.7 104.5 0.830 2.65 3.65 0.62 
40 58.5 71.0 0.823 2.64 3.64 0.62 
50 40.3 49.3 0.817 2.54 3.54 0.59 
60 29.5 36.3 0.812 2.52 3.52 0.59 
70 22.4 27.8 0.804 2.49 3.49 0.58 
80 17.5 21.9 0.798 2.47 3.47 0.58 
90 14.0 17.6 0.793 2.44 3.44 0.57 
PIP 
53000  
- 
 BO  
100 11.4 14.5 0.785 2.42 3.42 0.57 
Table A.6: Viscosity data of polyisoprene, Mw=53 000 g/mol, in base oil BO 
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Solution T (°C) 
Dynamic 
viscosity  
ηDyn 
(mPa.s) 
Kinematic 
viscosity 
ηKin 
(mm2/s) 
Density 
ρ  
(g/dl) 
Specific 
viscosity 
ηSp 
Relative 
viscosity 
ηRel 
Reduced 
viscosity 
ηRed (dl/g) 
20 108.5 129.7 0.837 1.91 2.91 0.31 
30 67.1 80.7 0.831 1.82 2.82 0.29 
40 44.6 54.0 0.825 1.78 2.78 0.28 
50 31.0 37.9 0.818 1.73 2.73 0.28 
60 22.6 27.8 0.813 1.69 2.69 0.27 
70 17.0 21.1 0.805 1.65 2.65 0.26 
80 13.1 16.4 0.799 1.60 2.60 0.26 
90 10.4 13.1 0.794 1.57 2.57 0.25 
PIP 
24500  
- 
BO  
100 8.5 10.8 0.787 1.55 2.55 0.25 
Table A.7: Viscosity data of polyisoprene, Mw=24 500 g/mol, in base oil BO 
 
 
 
Solution T (°C) 
Dynamic 
viscosity  
ηDyn 
(mPa.s) 
Kinematic 
viscosity 
ηKin 
(mm2/s) 
Density 
ρ  
(g/dl) 
Specific 
viscosity 
ηSp 
Relative 
viscosity 
ηRel 
Reduced 
viscosity 
ηRed (dl/g) 
20 82.0 97.9 0.838 1.20 2.20 0.15 
30 51.4 61.8 0.832 1.16 2.16 0.15 
40 34.0 41.2 0.825 1.12 2.12 0.14 
50 23.5 28.7 0.818 1.06 2.06 0.14 
60 17.2 21.1 0.813 1.04 2.04 0.13 
70 12.9 16.0 0.808 1.02 2.02 0.13 
80 10.0 12.5 0.801 0.99 1.99 0.13 
90 8.0 10.1 0.794 0.97 1.97 0.12 
PIP 
10000  
- 
BO  
100 6.5 8.3 0.788 0.95 1.95 0.12 
Table A.8: Viscosity data of polyisoprene, Mw=10 000 g/mol, in base oil BO 
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A.3. Polyisoprene in DOP 
 
 
Solution T (°C) 
Dynamic 
viscosity 
ηDyn 
(mPa.s) 
Kinematic 
viscosity 
ηKin 
(mm2/s) 
Density 
ρ  
(g/dl) 
Specific 
viscosity 
ηSp 
Relative 
viscosity 
ηRel 
Reduced 
viscosity 
ηRed (dl/g) 
20 243.59 12.18 0.9806 2.09 3.09 0.70 
30 133.73 4.46 0.9732 2.08 3.08 0.69 
40 80.896 2.02 0.9659 2.09 3.09 0.70 
50 52.597 1.05 0.9584 2.10 3.10 0.70 
60 36.292 0.60 0.954 2.11 3.11 0.70 
70 26.68 0.38 0.9437 2.17 3.17 0.72 
80 20.138 0.25 0.9364 2.19 3.19 0.73 
90 15.745 0.17 0.9291 2.22 3.22 0.74 
PIP  
121 300 
– 
DOP  
100 12.757 0.13 0.922 2.27 3.27 0.76 
Table A.9: Viscosity data of polyisoprene, Mw=121 300 g/mol, in DOP 
 
 
 
 
Solution T (°C) 
Dynamic 
viscosity 
ηDyn 
(mPa.s) 
Kinematic 
viscosity 
ηKin 
(mm2/s) 
Density 
ρ  
(g/dl) 
Specific 
viscosity 
ηSp 
Relative 
viscosity 
ηRel 
Reduced 
viscosity 
ηRed (dl/g) 
20 230.4 235.6 0.978 1.92 2.92 0.45 
30 126.5 130.3 0.970 1.91 2.91 0.45 
40 75.6 78.5 0.963 1.89 2.89 0.44 
50 48.7 51.0 0.956 1.87 2.87 0.44 
60 33.3 35.1 0.949 1.86 2.86 0.43 
70 24.0 25.5 0.940 1.85 2.85 0.43 
80 17.9 19.2 0.934 1.84 2.84 0.43 
90 13.9 14.9 0.928 1.83 2.83 0.43 
PIP  
53 000 
- 
 DOP 
100 11.0 12.0 0.920 1.82 2.82 0.43 
Table A.10: Viscosity data of polyisoprene, Mw=53 000 g/mol, in DOP 
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Solutio
n 
T 
(°C) 
Dynamic 
viscosity 
ηDyn 
(mPa.s) 
Kinematic 
viscosity 
ηKin 
(mm2/s) 
Density 
ρ  
(g/dl) 
Specific 
viscosity 
ηSp 
Relative 
viscosity 
ηRel 
Reduced 
viscosity 
ηRed (dl/g) 
20 207.6 212.4 0.978 1.63 2.63 0.30 
30 115.5 118.9 0.971 1.66 2.66 0.30 
40 68.9 71.5 0.965 1.63 2.63 0.30 
50 44.9 46.9 0.956 1.64 2.64 0.30 
60 30.6 32.3 0.949 1.63 2.63 0.30 
70 22.0 23.4 0.942 1.62 2.62 0.29 
80 16.5 17.7 0.934 1.61 2.61 0.29 
90 12.8 13.8 0.927 1.61 2.61 0.29 
PIP  
24 500 
- 
DOP  
100 10.2 11.1 0.920 1.61 2.61 0.29 
Table A.11: Viscosity data of polyisoprene, Mw=24 500 g/mol, in DOP 
 
Solution T (°C) 
Dynamic 
viscosity 
ηDyn 
(mPa.s) 
Kinematic 
viscosity 
ηKin 
(mm2/s) 
Density 
ρ 
(g/dl) 
Specific 
viscosity 
ηSp 
Relative 
viscosity 
ηRel 
Reduced 
viscosity 
ηRed (dl/g) 
20 172.4 176.7 0.975 1.19 2.19 0.14 
30 94.9 98.0 0.968 1.18 2.18 0.14 
40 56.8 59.1 0.961 1.17 2.17 0.14 
50 36.7 38.5 0.953 1.16 2.16 0.14 
60 25.0 26.4 0.946 1.15 2.15 0.14 
70 18.0 19.1 0.940 1.14 2.14 0.14 
80 13.5 14.5 0.932 1.13 2.13 0.14 
90 10.4 11.3 0.926 1.13 2.13 0.14 
PIP 
10 000 
- 
DOP  
100 8.3 9.0 0.917 1.12 2.12 0.14 
Table A.12: Viscosity data of polyisoprene, Mw=10,000 g/mol, in DOP 
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Appendix B: Intrinsic viscosities 
 
B.1. Intrinsic viscosities of polyisoprene in DOP 
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Figure B-1: Intrinsic viscosity of PIP 10,000 in DOP at 60°C 
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Figure B-2: Intrinsic viscosity of PIP 10,000 in DOP at 100°C 
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Figure B-3: Intrinsic viscosity of PIP 24,500 in DOP at 60°C 
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Figure B-4: Intrinsic viscosity of PIP 24,500 in DOP at 100°C 
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PIP 53000 in DOP
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Figure B-5: Intrinsic viscosity of PIP 53,000 in DOP at 60°C 
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Figure B-6: Intrinsic viscosity of PIP 53,000 in DOP at 100°C 
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PIP 121300 in DOP 
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Figure B-7: Intrinsic viscosity of PIP 121,300 in DOP at 60°C 
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Figure B-8: Intrinsic viscosity of PIP 121,300 in DOP at 100°C 
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B.2. Intrinsic viscosities of polyisoprene in Base Oil 
 
PIP 10000 in Base Oil
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0 1 2 3 4 5 6 7 8 9
C (g/dl)
η
sp
/C
 
ln
(η
re
l)/C
[η]PIP10000/BO = 0.100 dl/g
C
specificη
C
relative)ln(η
 
Figure B-9: Intrinsic viscosity of PIP 10,000 in base oil at 60°C 
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Figure B-10: Intrinsic viscosity of PIP 10,000 in base oil at 100°C 
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PIP 24500 in BO
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Figure B-11: Intrinsic viscosity of PIP 24,500 in base oil at 60°C 
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Figure B-12: Intrinsic viscosity of PIP 24,500 in base oil at 100°C 
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PIP 53000 in BO
0
0.1
0.2
0.3
0.4
0.5
0.6
0 1 2 3 4 5
C (g/dl)
η
sp
/C
 
ln
(η
re
l)/C
[η]PIP53000/BO = 0.291 dl/g
C
specificη
C
relative)ln(η
 
Figure B-13: Intrinsic viscosity of PIP 53,000 in base oil at 60°C 
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Figure B-13: Intrinsic viscosity of PIP 53,000 in base oil at 100°C 
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PIP 145000 in BO
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Figure B-14: Intrinsic viscosity of PIP 145,000 in base oil at 60°C 
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Figure B-15: Intrinsic viscosity of PIP 145,000 in base oil at 100°C 
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B.3. Intrinsic viscosities of polystyrene in DOP 
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Figure B-16: Intrinsic viscosity of PS 5,000 in DOP at 60°C 
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Figure B-17: Intrinsic viscosity of PS 5,000 in DOP at 100°C 
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PS 20 000 in DOP
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Figure B-18: Intrinsic viscosity of PS 20,000 in DOP at 60°C 
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Figure B-19: Intrinsic viscosity of PS 20,000 in DOP at 100°C 
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PS 50 000 in DOP
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Figure B-20: Intrinsic viscosity of PS 50,000 in DOP at 60°C 
PS 50 000 in DOP
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0 1 2 3 4 5 6 7 8
C (g/dl)
η
sp
/C
 
ln
(η
re
l)/C
[η]PS50000/DOP = 0.185 dl/g
C
specificη
C
relative)ln(η
 
Figure B-21: Intrinsic viscosity of PS 50,000 in DOP at 100°C 
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PS 100000 in DOP
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Figure B-22: Intrinsic viscosity of PS 100,000 in DOP at 60°C 
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Figure B-23: Intrinsic viscosity of PS 100,000 in DOP at 100°C 
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Appendix C: Viscosity measurements with AR2000ex 
Rheometer 
 
The viscosity measurements at low shear rate have been performed using the 
AR2000ex rheometer from TAinstrument with a 25mm diameter parallel plate. 
 
This technology enables the user to analyse the viscosity and the viscoelastic 
properties of lubricants at different temperature (from -40°C to 200°C) over a wide 
range of shear rates controlled by the drag cup motor (from 0.1 to around 5.104s-1) 
[131].  
 
. 
In the case of parallel plate rheometry (torsional flow), the shear rate 
•
γ  is a function 
of r which is comprised between 0 and R, the radius of the parallel plate [132].  
   
h
r
rf Ω==
•
)(γ   Therefore at the rim of the plate, i.e. for r = R,
h
R
R
Ω
=
•
γ  
 
 
Figure C-1: AR2000ex Rheometer 
Peltier plate  
Optical Encoder 
Thrust Bearing 
Drag Cup Motor 
Radial Bearing 
Parallel plate or 
Cone&Plate 
Normal Force Transducer 
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Figure C-2: Fluid between parallel plates 
  
The shear stress σ is also dependent on r. 
∫ ∫Π==
M R
drrdMM
0 0
22 σ  
•••
•
∫
•
=
Π
γγγγ
γ
df
R
M RR )(
2 0
2
3   
It results in the following equations where the shear stress and the viscosity at the rim 
of the plate are respectively








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Π
==
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In the case of Newtonian fluid, the shear stress and the shear rates becomes: 
3
2
R
M
M Π
=σ  and
h
R
R
Ω
=
•
γ  
For a fluid which exhibits shear thinning, the Cross model can be applied and M the 
torque can be expressed in terms of the rotation rate Ω.  
mk
BAM
Ω+
Ω
+Ω=
1
and 2
1
)1(
)1(
m
mm
k
mkBkBA
d
dM
Ω+
Ω×Ω−Ω+
+=
Ω
−
 
where A, B, K and m are each constants. 
Ω 
 Plate diameter 
Gap h  Lubricant 
Parallel plate 
Rotational 
Speed 
0           R 
r 
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Research revealed that general errors occur during experimental measurements [89]. It 
appeared that viscosity measurements decrease with a reduction in gap height for gap 
set under 100 µm, i.e. in the case of very low viscous fluids. This error, called gap 
error, can be due to the non-parallelism between the plate and the Peltier plate, to the 
possibly roughness of the plates and to the non-concentricity.  
In order to reduce error measurements, gap errors are evaluated. Davies et al. [89] 
have developed a method to calculate the gap error. The shear stress σ is expressed as 
follow: 
εδ
δγησ
ε
ησ
γησ
+
=
+∂
Ω
=
=
•
•
M
R
R
where δ and ε are respectively the commanded gap and the gap error 
The previous equation is rearranged and becomes 
η
εδ
ησ
γδ
+=
•
)1( 
η
εδ
ηη
δ
+= )1(
M
 where ηM is the measured viscosity 
As a consequence 
Mη
δ
 can be plotted as a function of the gap δ with a gradient 
of )1(
η
and an intercept of
η
ε
. 
Once the gap error ε is determined, the shear rate and the viscosity are re-evaluated as 
follows: 
δ
εδηηη
εδ
δγγγ
+
==
+
==
•••
Mactual
MactualR
 
 
Below is the example of the base fluid DOP at 60°C. Three different gaps were set: 
30, 40 and 50 µm. The viscosities versus the shear rate are plotted on the following 
graph.  
 Appendix 
 
 263 
 
DOP tested at 60°C
0
5
10
15
1.E+01 1.E+02 1.E+03 1.E+04 1.E+05
Shear rate (s-1)
D
yn
a
m
ic
 
v
is
co
si
ty
 
(m
Pa
.
s)
50um
40um
30um
 
Figure C-3: Dynamic viscosity measurements at different gap 
 
An average of the viscosities at very low shear rate for a gap of 30, 40 and 50 µm are 
determined according to the previous experimental results. As it was explained before, 
the ratio 
Mη
δ
 is plotted versus the commanded gapδ  and the following curve is 
obtained. 
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Figure C-4: Determination of gap error ε 
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In that specific case, the equation is 69.108.0 += δ
η
δ
M
. The gradient and the intercept 
are used to determine the gap error which is equal to 20 µm.  
 
Once the gap error is evaluated, shear rate and viscosity are recalculated following the 
both equations
δ
εδηηη
εδ
δγγγ
+
==
+
==
•••
Mactual
MactualR
. As a result, the new viscosity curves, which 
overlay, are re-plotted. 
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Figure C-5: Dynamic viscosity with the applied gap error 
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Appendix D: Derivation of Reynolds equation 
 
 
The finite difference solution developed by Professor Spikes was derived from 
Reynolds equation. It allows for viscosity to vary over the area of the film. 
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(Eq 4) is divided by 3vh  to become (Eq 5) 
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By replacing 2
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                 ijCE                               ijCW                             ijCN                            ijCS               
 
 
                  ijjiijjiijjiijjiijij GpCSpCNpCWpCEp ++++= −+−+ 1,1,,1,1       (Eq 11) 
 
 
Only difference from isoviscous are; (i) 1/vdv/dx and 1/vdv/dy terms in C,D and 1/v in E  
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